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Abstract
There has been a renewed interest in the crystallised form of Buckminsterfiillerene due to 
advances in crystallisation techniques. In this thesis we demonstrate single-crystal, defect- 
free, liquid-liquid interfacial-precipitation o f rods with hexagonal symmetry and faceted 
tips. The rods have a lengthrdiameter ratio o f approximately 10:1, with diameters typically 
of the order o f -500 nm.
The fullerite properties were characterised using scanning electron microscopy, 
transmission electron spectroscopy, fourier transform infrared spectroscopy (FTIR), Raman 
spectroscopy, ultra-violet/visible/near-infrared absorption spectroscopy and 
photoluminescence (PL) spectroscopy.
This thesis contains a detailed study aimed at controlling the growth o f fullerites through 
the careful manipulation o f the experimental process parameters. As advances in 
understanding o f the growth mechanism has been reported the controlled growth o f fullerite 
rods with true nanoscale dimensions was achieved. The growth of fullerite rods with ~50 
nm diameter as demonstrated represents an order o f magnitude decrease in the scale o f  
structures obtained using the proposed methodology o f fullerite synthesis. Furthermore, we 
have obtained through control of growth parameters other crystalline structures by 
controlling process parameters to give structures with large area:thickness ratios.
Palladium is a metal o f significant technological interest due to its well known catalytic 
effect and affinity to hydrogen. In this thesis palladium is attached to the fullerites via 
exposure during a fast liquid-liquid interfacial-precipitation (FLLIP) process. A variety o f 
attachment schemes were attempted including that o f covalent and Van der Waals bonding 
and co-crystallization between the Pd and fullerite rods.
Each palladium-fullerite is investigated for its potential as a heterogeneous catalyst for 
hydrogenation of 1-ethynyl-l-cyclohexanol, o f which 100 % product selectivity was found 
for covalently bonded Pd-fullerites. Furthermore, the covalently bonded Pd-fiillerites have 
been placed in a CVD chamber and used to catalyse the growth of carbon nanotubes.
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Glossary of Terms
3D Three dimensional
AFM Atomic force microscope
CNF Carbon nano-fibres
CVD Chemical vapour deposition
DCM Dichloromethane
EDX Energy Dispersive X-ray
FCC Face-centred-cubic
FLLIP Fast liquid-liquid interfacial-precipitation
G C-M S Gas chrom atography- m ass spectroscopy
HCL Hydrochloric acid
HOMO Highest occupied molecular orbital
HRTEM High resolution transmission electron microscopy
IPA Isopropanol alcohol\propan-2-ol
IR Infra-red
Ir Iridium
LUMO Lowest unoccupied molecular orbital
MWCNT Multi-wall carbon nanotube
NaOH Sodium Hydroxide
NM R Nuclear Magnetic Resonance Spectroscopy
PCBM [6 ,6]-Phenyl C6i Butyric acid Methyl ester
Pd Palladium
PG M Platinum group metals
Py Pyrene
RBM Radial breathing mode
SC Simple-cubic
SEM Scanning electron microscope
STM Scanning tunnelling microscope
SWCNT Single-wall carbon nanotube
TEM Transmission electron microscope
TGA Thermal gravimetric analysis
TTPP T etrakis(triphenylphosphine)palladium
U V  Ultraviolet spectroscopy
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Chapter 1 Introduction
1 Introduction
1.1 Nano
The field o f nano-science is one o f today’s most challenging, exciting, and competitive 
fields, and one o f the most highly funded. 1 Nano-science brings together physics, 
chemistry, biology and engineering to form a multidisciplinary field working to understand 
and develop new fundamental knowledge.
Richard Feynman was one o f the first people to bring nano to the attention o f the public. On 
29th December 1959 he gave his famous “plenty o f room at the bottom” lecture at the 
annual meeting o f the American Physical Society at the California Institute o f Technology 
(Caltech). He shared his vision o f the future, describing the possibility o f the 
rearrangement, manipulation and control o f atoms for technological benefit. He challenged 
scientists to improve the electron microscope, enabling us to ‘see’ atoms, and help the 
advancement o f miniaturising the computer. He envisaged potential problems to be 
encountered. As wires become smaller, resistance would need to be overcome, atoms would 
behave differently as weight and inertia would be o f no importance. 2
It wasn’t until some decades later that nano become so popular. The actual term nano­
technology is generally attributed to Norio Taniguchi, where it was first featured in a 1974 
paper titled ‘The basic concept o f nano-technology’.3 The term described high-accuracy 
and ultra-fine dimensions to the order o f 1 nm. In this thesis nano-science is defined as the 
creation and control o f processes to form functional materials that exploit properties 
(physical, chemical or biological) with at least one dimension being sub-micron.
Nano-technology has been used frequently throughout history, though perhaps not fully 
appreciated. For example nano-particles have been used in Maya blue paint, found in 
Mayan ancient ruins at Chichen Itza in Yucatan, Mexico.4 Gold nano-particles 5-60 nm 
have been found in the Lycurgus cup made by the Romans in the 4th century AD, which 
appears to change colour depending on light that is either reflected (green) or transmitted 
(red) .5 The behaviour o f the physical properties as clusters reduce in size still keeps 
throwing up new unknowns despite the significant progress made in the understanding of 
nano-materials. Properties, solvent interactions, surface structure, charge and functionality
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can differ significantly in comparison to bulk properties. For example increased ductility 
has been observed in nano-powders o f metal alloys.6,7’8,9
In the past 10-20 years, the progress in nano-science has led to an elaboration o f new 
methods for synthesizing, modifying and studying nano-particles and nano-structures.
In 1981, the invention o f the scanning tunnelling microscope (STM), by Gerd Binnig and 
Heinrich Rohrer at the IBM Zurich Research Laboratory (Nobel prize winner in 1986), 
accelerated the interest o f nano-technology. The STM made it possible to image individual 
atoms as well as manipulate the location of a single atom on a substrate. Subsequently, J. 
Foster10 o f IBM Almaden labs spelt "IBM" using 35 xenon atoms specifically placed on a 
nickel surface at temperatures as low as 4 K (to reduce thermal movements o f atoms.)
Around the same period in 1985 the Buckminsterfullerene was first discovered by H.W. 
Kroto, R.E. Smalley and R.F. Curl Jr. (Nobel prize winners in 1996) during a search for 
long chained carbons in space at the carbon rich atmospheres o f red giant stars.11 Analysis 
using mass spectrometry concluded that there was a strong peak at 720 m/z (C6o) and a 
much weaker peak at 840 m/z (C70). It was shown that the 60 carbon atoms would form a 
spherical cluster o f sp2-hybridised carbons with interconnecting six-membered rings with 
isolated five-membered rings, consisting o f 12 pentagonal and 20  hexagonal faces.12
Since its discovery, C6o has been extensively studied with many publications on its physical 
and chemical properties. However, there is still no industrial use for these materials. Due to 
the large quantities available at reasonable cost, there is a renewed interest in the 
crystallised form of C6o, known as the fullerites.
Within this thesis the crystal growth process is explored based on liquid-liquid interfacial 
precipitation (LLIP). LLIP enables good controlled growth and regular morphology 
allowing the fullerites to be used as material. This growth technique has been used by a 
number of groups, but the actual process is still not fully understood and study is required 
to optimise the process.
The development o f new catalysts based on metal nano-particles continues to attract the 
keen attention o f scientists. Fullerites are o f interest as a porous carbon substrate capable o f  
incorporating palladium nano-particles to enhance catalytic reactions.
Using the existing in-depth knowledge o f the chemical modification o f C6o with transition 
metals, Pd-C6o complexes will be introduced during the LLIP growth process. This 
approach o f incorporation o f palladium has a number of benefits: firstly introduction will be
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used as a means o f size and shape control o f fullerites; secondly the fullerites will control 
the size and dispersion of palladium clusters.
Related carbon structures including carbon nanotubes (CNTs), can be visualised as an 
elongated C6o which were identified in 1991 by Iijima at NEC laboratory in Tsukuba, Japan 
using a high-resolution transmission electron microscopy (HRTEM) .13 They show unique 
properties such as high tensile strength, high thermal and electrical conductivity.
1.2 Aims of Project
Nano-production can be grouped into two types: (i) top-down fabrication technique 
involving etching, machining and deposition o f macro scale objects to extremely small 
dimensions; and (ii) bottom-up techniques based on synthesis, which proposes specialised 
growth o f atoms and molecules into more complex structures. Our bottom-up approach is 
the crystallisation technique FLLIP (fast liquid-liquid interfacial precipitation) to form 
crystalline C6o rods.
The FLLIP crystal growth process requires optimising to enable a better understand o f the 
already existing materials and to create novel materials. It is our aim to establish a method 
allowing fullerene based nano-structures to be accurately controlled, and in particular be 
able to accurately determine length, diameter and control o f shape.
In order to achieve this, a detailed study is required to investigate the variation o f external 
conditions and optimise growth parameters to tailor the fullerite morphology for our 
requirements.
Our requirements o f this work include:
1) Repeatability: For any industrial application the fullerites must be produced in 
macroscopic quantities with same quality.
2) Monodispersity: Control o f size and morphology would be desired as size reduction 
could change physical properties.
3) High surface area: Increasing surface to volume ratio would be advantageous for 
catalysts.
Specific aims o f this work include:
1) Complete a study o f the role o f experimental parameters on the fullerites resulting 
from the FLIPP process.
2) Demonstrate the ability to obtain reproducible fullerites with sub-100 nm diameters 
via the FLIPP process.
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3) Complete a study o f incorporation o f palladium to the fullerites during or after the 
FLIPP process.
4) Investigate size and stability o f metals within the fullerites.
5) Explore the development and use o f metal-decorated fullerites for catalytic 
applications.
1.3 Organisation of the Thesis
Following the introduction, the chemistry o f key materials such as palladium and carbon 
are introduced in Chapter Two. The fullerites basic properties will be studied to enable the 
selective growth o f desired structures. An in-depth review of fullerite growth using Fast 
Liquid-Liquid Interfacial Precipitation (FLLIP) is also presented. Chapter Three presents 
the experimental procedures adopted, along with a brief description o f the analysis 
techniques utilised in this thesis. Characterisation includes infrared spectroscopy, Raman 
spectroscopy, ultra-violet/visible/near-infrared absorption spectroscopy and 
photoluminescence spectroscopy. Chapter Four discusses the detailed analysis o f the 
quality and characteristics o f fullerites synthesised under FLLIP with changing parameters. 
Introduction o f palladium to the fullerites are presented in Chapter Five and Six. In the first 
part o f this thesis, Pd is exposed to fullerite during FLLIP growth process, the materials (of 
which all are palladium based) are chosen because o f their different palladium-C6o bonding 
including covalent and Van der Waal. These materials are studied for their disruption to the 
crystal growth process and thus their effect on the crystal morphology. These Chapters 
discuss palladium exposure during FLLIP and other techniques such as electrodeposition 
and pyrene anchorage. The chemical modification o f C6o with palladium is not only used to 
control fullerite size, but also to form palladium nano-clusters within the fullerite porous 
structure as a support to reduce aggregation in palladium catalyst. Chapter Seven presents 
Pd-fullerite as a potential catalyst, including results o f hydrogenation and CVD growth. 
Chapter Eight concludes the work with a summary o f the major discoveries o f this thesis 
and ideas for future research directions.
4
Chapter 2 Chemistry of Materials
2 Chemistry of Materials
Carbon and palladium, both key elements used in this thesis, individually have their own 
interesting properties. When combined however, they also possess some unique 
organopalladium properties. The following chapter will give a brief introduction into 
carbon chemistry, including the fullerenes, as well as basic hydrogen and palladium-carbon 
catalyst mechanisms.
2.1 Carbon, the Versatile Building Block
2.1.1 Bond Hybridisation
The form of carbon ranges from one o f the softest substances, graphite, to one o f the 
hardest known materials, diamond. It can be opaque and conducting or transparent and 
insulating. It bonds to itself and also forms covalent bonds with many other elements too.
Carbon’s uniqueness is due to its specific electronic structure, which has 6 protons, 6 
electrons and 6 neutrons. Its electron configuration is written as:
ls22s22p2
The number o f valence electrons in carbon is four, with an outer shell filling o f two 
electrons in the 2p-orbital and two electrons in the full 2s-orbital. Theoretically it could be 
assumed that the bond strengths would differ for bonding between s and p orbitals. 
However, it is known that in compounds such as methane all four carbon-hydrogen bonds 
are degenerate. This can be explained by the electron hybridization found at the bond.
Tetravalent carbon - sp3 hybridization involves one s-orbital and 3 p orbitals to form four 
degenerate atomic orbitals. The four new orbitals (sp3-orbital) form a 3D isotropic 
tetrahedron.
Trivalent carbon - sp2 hybridization involves one s-orbital and 2 p-orbitals to form three 
degenerate atomic orbitals. The three new orbitals (sp2-orbitals) form a planar shape with 
120° between each bond. The remaining un-hybridized p-orbital sits perpendicular to the
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sp2 plane; its orbital overlaps with adjacent carbon un-hybridized p-orbitals resulting in a 71-  
bond, reinforcing the a-bond (sp2-s p 2). This type o f hybridization leads to graphene sheets.
Sp1 hybridization involves one s-orbital and one p-orbital forming two sp orbitals. The sp- 
orbital is linear; if  the sp-orbital lies in the x-plane then the two non-hybridized p-orbitals 
are orthogonal laying in the y- and z-planes. Each o f the hybridization schemes are 
illustrated in Figure 2.1
Hybridization
s p  S p  s p  Sp
L inear
120“
H y b r id iz a tio n ^  ^
sp-'  ► sp 2
sp
&
sp-
sp2
T rigonal P lan ar
1 /
/ 1
Hybridization
sp 1
sp’ f  sp<a
sp>
10 9 . 5°
sP^Mp'
s p '
Tetrahedral
Figure 2.1 Hybridization of carbon orbitals, sp-, sp2-, and sp3- hybridization shown top to bottom
respectively.
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2 .1 .2  B u ck m in ste r fu lle re n e , C 6o
Figure 2.2, Ball and sticks model of C60 molecule
New carbon structures such as C6o, figure 2.2, are found to possess new and many 
unexpected properties and as a consequence a new branch o f fullerite chemistry has 
developed. These carbon nano-structures only exist due to a reduction in energy states. The 
edge o f a finite graphene layer contains many dangling bonds typically terminated by 
hydrogen each o f which corresponds to a high energy state. Reduction o f the total energy is 
achieved by forming closed cage clusters and thus eliminating these bonds. This is 
energetically favourable despite an increase in strain energy caused by the non-planer 
bonding geometry. Each carbon can be thought o f  as slightly raised against adjacent carbon 
atoms with angles o f 120 °, 120 0 and 108 °. Good stability is observed as local strain is 
shared equally between all the carbons.14,15,16,17,18 The buckminsterfullerene has two types 
o f bonds, the longer C-C bond (6:5) can be found between a hexagon and pentagon and the 
shorter (6:6) bond which is between two hexagons, these are 1.45 and 1.38 Angstrom 
respectively. The shorter (6:6) bond has higher electron density, thus the majority o f 
chemical reactions would occur here. Larger fullerenes exist such as C7o, however C6o is the 
most stable form o f the class o f fullerene molecules.
It was not until around 1990s that macroscopic quantities o f C6owere available, thus study 
o f C6o became popular. This coincided with approximately the same period as the discovery 
o f superconducting cuprates. As a consequence C60 and its derivatives were studied quite 
intensively for superconductivity. It was found that C6o became a superconductor as M 3C60 
species (M = alkali m etal).19 Cyclic voltammetry shows that, in solution C60 can reversibly 
accept up to 6 electrons at -10 °C. Oxidation o f C6o is more difficult than reduction. 12 The 
electron hole band (hu) contains 10 electrons, whilst the conduction band (tiu) can contain 
up to 6 electrons. Chemically C6o has a conjugated 7r-system, but reacts as a soft 
electrophile, exhibiting characteristics o f an electron deficient polyene with localised
7
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double bonds.20 Adducts o f  fullerenes are obtained by addition o f  nucleophile followed by 
quenching with acids or an electrophile. Fullerenes have been chemically linked with 
polymers in order to achieve combination o f  properties.21
The high ionization potential o f  C6o and the stability o f  the anion have resulted in its 
widespread application as an electron acceptor in heterojunction organic solar cells. 
Fullerenes are difficult to process due to their solubility, functionalisation o f  fullerenes can 
change solubility and aids processability, for example, thin films o f  a C6o derivative [6 ,6 ]- 
Phenyl C6i Butyric acid Methyl ester (PCBM) are currently used for photoelectric 
devices.22,23,24 C6o and its derivatives are already being studied intensively for the creation 
o f excellent electron transfer model systems due to its unique 3D accepting properties.25 
The band structure o f  C6o is similar to that o f  graphite. The valence band and conduction 
band have a band gap o f  1.9 eV with the delocalised n system different due to its curvature.
The HOMO and LUMO o f  C6o is reported to be 6.4 eV and 4.5 eV, respectively.26 The 
toxicity o f  fullerene is still unclear, large doses injected in mice results in accumulation in 
the liver. Biological applications include enzyme inhibition, DNA cleavage, anti-viral 
activity and photodynamic therapy. 27
2.2 Fullerites
Fullerites are the crystallised form o f  C6o and were first observed after separating soot from 
C6o dissolved in benzene and dried on a microscopic slide.28 Solution grown C6o crystals 
(fullerites) forming a variety o f  structures and shapes have been documented.29 Typically 
these fullerites studied were grown from a benzene-C6o solution left to evaporate. Thin 
films were deposited by vacuum sublimation; these showed a face-centred cubic (FCC) 
lattice arrangement at room temperature, undergoing phase transition at temperatures below  
260 K to a simple cubic (SC) lattice.30
Fullerenes have received a rejuvenation o f  interest in relation to exploitation in nano­
technology. In this case we attempt to manipulate size, shape and properties o f  the fullerite 
crystals by controlling growth conditions. It was not until recently that a liquid-liquid 
interfacial precipitation method was demonstrated resulting in high yields o f  fullerite 
crystals with similar dimensions.31 The properties o f  such fullerites are now the subject o f  
intense research due to their potential for incorporation into low-cost electronic devices. 
Theoretical predictions indicate that crystals formed from C6o should have an electron 
mobility o f  ~0.1  cn^V 'V 1 and are n-type semiconductors with direct bandgaps that can be
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further tailored via doping techniques.32 Nano-rod templating was achieved by X iang, B . et 
al. where C6o in benzene was left to slowly evaporate from a template, resulting in highly 
aligned and uniform rods with diameters o f  200-300 nm. 31 However, templates have 
aluminium contamination occurring and templates limit the scale o f  fullerite production. 
Stable “colloidal” fullerites were made in the absence o f  stabilisers allowing for high purity 
particle growth33 leading to Miyazawa et al. developing a method called liquid-liquid 
interfacial precipitation (LLIP) .34’35 In this case, IPA was gently dripped into a saturated 
C6o-toluene solution such that the two solvents did not mix (forming two distinct layers) and 
kept, for one month at 21 °C. LLIP was used for the synthesis o f  sub-micron sized diameter 
rods (which he named ‘nano-whiskers’) and subsequently synthesis o f  similar structures 
formed from C7o and fullerene derivatives such as C60C3 H7N .36,37,38,39 Compared to the 
templating approach a large variation in length was found from microns to nanometres. A  
microchannel reactor synthesis was attempted with a ‘Y ’ shaped reactor to improve the 
uniformity o f  the fullerite lengths with limited success. 40 These nano-whiskers were 
structurally characterised. During solvent evaporation the structure was found to change 
from simple hexagonal packing to face centred cubic (FCC). The mechanical properties o f  
fullerites have been investigated with an AFM cantilever, which demonstrated some 
elasticity prior to buckling the rods, giving a Young’s modulus o f  32-54 GPa.41 Thermal 
studies showed crystalline stability up to 650 °C, with a transition to amorphous above 700 
°C .42 In an attempt to increase the speed o f  growth irradiation with light was studied. It was 
found that the growth rate was strongly dependent upon the wavelength o f  illumination 
with only wavelengths o f  600-625 nm promoting growth. The fullerite rods grown were 
>50 pm in length and diameters were <500 nm .43 Modified fullerene crystal structures with 
uniform nanoscale dimensions could hold the key to many possible applications in the field 
o f  electronics.44,45 The ability to produce large quantities o f  fullerites raises the potential 
for their incorporation into devices to enhance properties.46 In order to overcome problems 
such as long growth times, poor control o f  morphology (including thickness and length), 
rods too large for devices and unsuitable reproducibility, w e proposed a fast liquid-liquid 
interfacial precipitation (FLLIP) technique. A  one-step method o f  making high purity single 
crystal fullerites, reported by Jin et al. simply by controlled drop-wise addition o f  a 
C6o\toluene solution into an alcohol solvent.47 The process is discussed in detail in section 
4.1.
Potential electronic devices that may benefit from such materials include n-type organic 
transistors 48 optical devices,49 and thin film organic solar cells etc.50 In addition to these
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electronic applications the use o f  fullerites has the potential to significantly impact other 
possible areas including adsorbents, catalysts and membranes, due to their reactivity as a 
result o f  their relatively high surface area to volume ratio.51
2.2.1 Crystal Growth Mechanisms
The procedure o f  FLLIP is completed within ~2 minutes and therefore represents a 
significant advantage over previously reported methods that typically require weeks or 
months. Classic crystal growth theory still applies and can be used as a good basis for 
construction o f  a general model. It is important to understand the kinetics o f  nucleation in 
order to design small and monodispersed fullerites.
The phase equilibra o f any solution are important as the solubility can be thought o f  as the 
maximum concentration that can exist at equilibrium. The phase diagram is helpful in 
understanding the process mechanism for crystallisation. The phase diagram is dived into 
three regions. These can be classed as undersaturated where crystals will dissolve, 
metastable where crystals grow, and labile where nucleation occurs spontaneously, figure 
2.3.
Labile
reg io n M e ta s ta b le
E v ap orationc
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Figure 2.3 solubility phase diagram52
In a saturated solution, the driving force for crystallization is the change in chemical 
potential, Ap; there is a limited region o f  concentration at which crystallisation can occur. 
This can be calculated using:
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A|i =  c - c* /  c* = S - 1 Eqn. 2.0
Where, Ap = change in chemical potential, c =  concentration o f  solution, c* = saturated 
concentration and S =  supersaturation ratio
In the case o f  FLLIP, an addition o f  a miscible co-solvent is added reducing the overall 
solubility, and, thus inducing crystallisation. This effect can be modelled by an empirical 
expression in the form:
In c* =  A  +  Bx + Cx2 Eqn. 2.1
Where, c*=saturated concentrated, x= concentration o f  second solvent and A, B, C =  fitted
constants.
A  common characteristic o f  adding a second solvent is rapid formation o f  the solid phase. 
Generally it can be found that adding second solvent creates higher supersaturation levels 
than by the conventional evaporation method. Once nuclei have formed in a supersaturated 
solution, then they will then begin to grow. As a result the critical concentration drops and 
nucleation no longer occurs. This leads to increased monodispersity. To form many crystals 
o f  small and uniform size, a high initial degree o f  supersaturation is required.
2.3 Carbon Nanotubes (CNT)
Different types o f  nano-rods have been investigated over the years for various applications, 
such as sensors, bioanalytical devices, LEDs, wires and materials for nano-circuits. Nano­
rods are not to be mistaken for nano-wires which tend to have smaller diameters.
Carbon nanotubes are nano-wires and can be considered as part o f  the group o f  large carbon 
structure materials. CNTs can be visualised as a graphene sheet rolled to form a tube with 
fullerene-like structures at the ends o f  the tube. The diameter o f  a CNT can be expected to 
be approximately 0.7-10 nm for single wall carbon nanotubes (SWCNT). Multi wall carbon 
nanotube (MWCNT) could have diameters in the range 20-50 nm.53, 54 Chemically the 
CNTs are generally inert. The ends o f  CNT have a high curvature and are more reactive 
than its walls. CNT have a tendency for aggregation causing handling problems. Thus 
CNTs can be chemically modified. Strong acid treatments are used to purify and open tube 
ends. These oxidized CNTs contain groups such as carboxylates (-COOH, OH, & -C = 0)  
making them soluble in polar solvents. It has been reported by Fischer et al. that smaller 
diameter CNTs are more easily oxidised than larger ones. This is due to the increased 
curvature o f  smaller tubes.55
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CNTs can be either metallic or semiconducting as the graphene sheets can be rolled in 
several different positions which changes the orientation and the angles o f  the hexagonal 
structures, which directly affects the electrical properties. Metallic SWCNT and MWCNT 
are able to transport electrons ballistically over long length scale thus carrying high currents 
with little heating. CNT have sp2 hybridisation but with a curvature modifying effect. This 
means the graphene sheets become slightly sp3. The curvature induces strain and 
misalignment o f  the n orbitals. The n bonds that are in plane with each other are not 
responsible for conductivity as they are too far apart from the Fermi level. The conductivity 
is due to bonding and anti-bonding % bonds that cross the Fermi level. Consequently, these 
have metallic properties. Metallic SWCNT can have conductivity o f  109 Acm'2. (Normal 
metals ~105 Acm'2.)56 Thermal conductivity o f  MWCNT is greater than 3000 Wm^K'1, 
which is greater than diamond. This property in combination with its high current capacity 
and break down field makes it attractive for high-power electronics.
With these unique properties the overall uses in electronics are recognised to be enormous.
2.3.1 Growth Techniques
The three different processes used to grow CNT include the arc-discharge method, laser 
ablation method and chemical vapour deposition (CVD).
Chemical vapour deposition (CVD) uses substrates coated with a catalytic metal which are 
placed onto a graphite heater. Acetylene gas (C2H2) is passed into the chamber. The 
hydrocarbon gas is broken down by thermal decomposition and a deposit accumulates on 
top o f  the metal catalyst particles. The carbon diffuses through the catalyst forming a trail 
o f  cooling carbon; these become the walls o f  the carbon nanotube. A s the wall grows the 
catalytic particle is lifted from the substrate and becomes the ‘head’ o f  the tube. The 
mechanism can be seen in figure 2.4. The tubes are harvested once the heater has cooled. 
The CNTs produced are non-aligned (these are spiral in shape) or aligned (these requires an 
electric field to pull the CNT in an upward direction.)57
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Figure 2.4 Schematic of the initial 
stages of CVD of the growth 
process for carbon nanotubes56
2.4 Palladium (Pd)
Palladium is a well known metal commonly grouped as platinum group metals (PGM) and 
used as an alloy in everyday items such as electronic devices, dentistry, jewellery, coinage, 
catalytic convertors and can also be found in fuel cells. Chemically, palladium is a popular 
industrial catalyst with high catalytic activity. It is found in the d-block with electron 
configuration: [Kr].4d10
2 .4 .1  Im p o rta n t In d u str ia l R ea ctio n s
One o f the primary applications o f metals in chemistry is their use as heterogeneous 
catalysts in a variety o f reactions. Palladium is no exception, it is industrially important due 
to its unique ability to catalyse the formation o f carbon-carbon bonds. Industrially, it is 
important for purification o f  terephthalic acid (precursor for polyesters), production o f food 
packaging, polyethylene terephthalate (PET). Palladium has an affinity to hydrogen and is 
used in chemical processes that require hydrogen exchange between two reactants, 
butadiene (for rubber) and cyclohexane (for nylon). Platinum group metals (PGM) catalysts 
are also used for nitric acid production and manufacture o f nitrogen fertiliser.
There are two classifications o f industrial applications o f palladium catalysts. The first type 
includes the oxidative reactions o f olefins and aromatic compounds, and oxidative 
carbonylation. These reactions are catalyzed by Pd(II) salts and appropriate reoxidants.57 
The second type, are reactions catalyzed by Pd(0) complexes, including reactions o f 
organic halides and reactions via 7r-allylpalladium complexes.
Examples o f industrially important reactions with catalytic palladium include:
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The Wacker process, this produces ethanal by oxidation o f ethylene as shown in figure 2.5 
a) Pd 2+ forms a complex with the electron rich double bond, which then is attacked by 
water molecules forming ethanal.
The Heck reaction shown in 2.5 b) adds an aryl halides or vinyl halides and to activated 
alkenes.
Miyaura-Suzuki reaction couples organoboronic acid and halides. It is used to produce 
polyolefins, pyrenes and substituted bi phenyls.
PdCI2
A) h2c = c h 2
CuCI2 o.
h3c .
B)
2 Pd
-BY9 +  R X ------
Base
R = hydrocarbon X -  I, Br, Cl, 0 S 0 2 BY2 -  B(OR2)
C ) i )  R ^ ; C H 2
Base
HX
C ) i i )  R\ ^ CH2 + R,
Pd
Base
*  + HX
Figure 2.5 top a) Wacker process, middle b) Miyaura-Suzuki coupling and c i) and ii) Heck
reactions
2.4.2 Nano Catalysts
The key to a catalyst is its ability to accept and donate charge. Nano-particles have an 
advantage o f larger surface area per unit volume compared to macro sized catalysts. Due to 
the interest o f nano-technology there have been various attempts to produce palladium 
nano-particles o f monodispersity, not simply for catalytic applications but for investigation 
of their optical, magnetic and electrical properties.58,59,60 Currently, industrial catalysts 
consist o f a metal on an inorganic support such as silica gel, alumina; however this has 
broad size distribution, irregular shapes and thus reproducibility can be an issue. A costly 
problem with palladium particles includes the tendency o f the metal to aggregate, 
dramatically reducing surface area and thus efficiency.
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The support can be used to tailor performance o f a catalyst, particularly the effects o f the 
dispersion o f the active metals.
Palladium particles o f diameter 5 nm were localized in aqueous buffer microemulsions o f  
‘Dioctyl’sulfosuccinate sodium salt in n-heptane at pH 5. In which several reactions were 
carried out. It was concluded that reactions were limited by the rate at which reactants 
could adsorb onto the palladium particles. 61 Other catalyst supports, for example co­
polymer o f 1-vinylpyrrolidone and acrylic acid, were studied for hydrogenation o f  
cycloctene, 1-dodecene and o-chloronitrobenzene, which palladium nanoparticles o f  
diameter ~2.2  nm were deposited on support by reduction o f palladium salts using alcohols. 
It was concluded that the selectivity o f these catalyst significantly differed by introduction 
of different metals. Infrared spectra revealed that Ni, Co and Fe did not fully reduce under 
hydrogen thus was able to interact with C=0 groups within the co-polymer support, 
reducing hydrogenation and changing selectivity.62
It is necessary for size and distribution to be determined in catalysts, when using 
chemisorptions to assess catalyst properties. For reactions that occur on catalyst surfaces, 
reactants are adsorb onto surface, after which they migrate and react, finally products are 
desorbed. It is important to know the history o f catalyst so as to know contaminates.
The correlation between reactivity and cluster size was investigated using the catalytic 
oxidation o f carbon monoxide. Metal clusters o f controlled size on thin films o f oxides have 
been investigated. Clusters were made by laser evaporation, which were then separated 
according to mass. General findings showed that at higher temperatures increasing cluster 
size increased reactivity, whilst reducing cluster size showed better reactivity at low 
temperatures.63 Gold is resistant to oxidation from air and water, it is not generally known 
as a good catalyst. Its electron configuration ([Xe] 4f14 5d10 6s1) is relatively stable and 
therefore has a high activation barrier. Highly dispersed Au nano-particles were found to be 
highly catalytic. It was shown that the optimum activity occurred when the particles were o f  
size 2-3 nm.64 For clusters o f less than 15 atoms, the reactivity is size and charge dependent 
e.g. cationic Au reacts with D2 but anionic Au is inactive.
Behaviour o f nano-catalysts are still not fully understood, for example, the oxidation o f  
cationic and anionic 195Pt clusters (24 atoms or less) by nitrous oxide were investigated. 
The reaction rates as well as the number o f reaction steps exhibit a seemingly random 
dependence upon the number o f atoms in the cluster and its charge.65
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Cyclotrimerization o f acetylene to benzene was studied on palladium particles o f 1 to 30 
atoms. It was found that even clusters between 1-6 atoms was able to produce benzene at 
300 K, single atom o f palladium produced benzene but also produced C4H6 and C4H8. The 
mechanism is still unknown. It is believed that the surface at which palladium is deposited 
on exhibit electron donating abilities due to its defects.66
Most catalysts are not single crystals but nano-particles. Nano-particles are efficient 
catalysts compared to single crystals due to the irregular shapes of particles, thus there are 
more sites favourable for reactions (e.g. steps and edges). Nano-particles are constantly 
restructuring themselves and thus can adapt, once adsorption occurs, into a lower-energy 
more favourable shape.
A unique catalytic technique was carried out. Palladium covered (Atomic force 
Microscope) AFM tip chemically modified functional groups on organosilicon molecules 
on impact. The energy o f impact when AFM is in tapping mode far exceeds the activation 
energy. This technique allows for selective chemical changes on surface and be used as a 
“chemical” lithography. 67
2.5 Hydrogen -  Palladium Interactions
Palladium is an industrial catalyst for hydroprocessing (hydrotreating and hydrocracking) 
techniques. Hydrotreating is used to purify chemicals by addition o f hydrogen, for example 
the conversion o f olefins to saturated compounds. Industrially, it is a process used to 
remove sulphur, nitrogen and oxygen from petrol and diesel fuels. Hydrocracking is used to 
break larger hydrocarbons into lighter smaller chains. The extent o f cracking is highly 
dependent on conditions such as temperature and the catalyst present. Industrially, it can be 
used to make liquefied petroleum gas (LPG) and petrol. The mechanism o f cracking an 
alkene involves the adsorption o f H2 gas onto the catalyst surface activating the hydrogen 
by splitting the H2. The second step involves forming a complex with the alkene and then 
hydrogen is inserted into the double bond.68
Hydrogen is a potential sustainable energy source as its production does not require fossil 
fuels, although production does require energy. Ideally this energy can be taken from 
renewable sources, for example from solar energy. Hydrogen reacts readily with most 
transition metals larger than 30-40 atoms. Alkanes e.g. CH4 react with small clusters with 
low ionisation potentials e.g. Pt, Pd (charge donor) or clusters with a high electron affinity 
acting as charge acceptor. In general alkanes and hydrogen have similar ability to donate
16
Chapter 2 Chemistry of Materials
charge however alkanes have poorer electron accepting ability due to the higher energy o f  
the antibonding orbital a*.
C6o may be ligated to metals in many different ways from p1 to rj6, though nearly all 
fullerenes are ligated to metals in a r\2 fashion.69 One C6o is able to bind up to 6 palladium 
atoms at the most electron rich region where two hexagonal rings meet. Alternative 
methods o f palladium incorporation within porous carbon materials is via non covalent 
methods e.g. co-crystallisation, n-n stacking, and electrodeposition.
2.6 Summary
Pd-carbon materials which have palladium nano-particles should have potential for 
exhibiting excellent catalytic properties. Platinum complex (r|2-C6o)Pt(PPh3)2 has been 
previously reported, where crystals were obtained by slow synthesis (~2 weeks) at room 
temperature under a fluorescent room light by Miyazawa et al. 70. FLLIP method differs 
from that used to fabricate platinum-complex fullerites as (C6o-r|2)Pd(PPh3)2 was not added 
directly into the solution but instead a precursor Pd(PPh3)4 was used. This allows fullerites 
to develop before palladium attachment without causing steric hindrance.
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3 Experimental Procedures
In this section there will be a brief introduction to the techniques used to analyse and evaluate the 
fullerites.
3.1 Fourier Transform Infrared Spectroscopy, (FTIR)
The Infrared (IR) region, typically between 7.8 xlO'7 to -10"4 m, overlaps in energy with many 
vibrational and rotational modes o f materials. In particular the 2.5 xlO'6 to 2.5 x l0 ‘5m region is often 
used by FTIR spectroscopy as this is where the majority o f interesting transitions occur.71 FTIR is 
particularly useful in compounds in which there is a net change in dipole moment during vibration or 
rotation o f atomic bonds. As a molecule vibrates a regular fluctuation in dipole moment occurs. When 
the frequency o f incident electromagnetic radiation matches the natural frequency o f a vibrational or 
rotation mode o f the analyte, energy transfer can occur. This can result in an increase (or decrease) in 
the vibrational\rotational amplitude o f the molecule leading to absorption.
Each functional group has a characteristic absorption energy, and by interpreting the FTIR absorption 
spectra, characterisation o f organic molecules is possible. Most organic compounds are large, giving 
rise to complicated overall spectra o f stretching and bending modes resulting in each compound with 
its own unique ‘fingerprint’. Examples o f normal modes o f oscillation are shown schematically in 
figure 3.1.
FTIR spectra were obtained using a Nicolet protege 460 spectrometer. Samples for analysis were 
typically prepared by mixing fullerites with potassium bromide (KBr FT-IR grade, >99 %, Sigma- 
Aldrich) before forming solid discs using a quick press. A typical micropellet disc has a diameter o f 5 
mm, thickness o f ~1 mm and contains pg quantities o f analyte. A baseline is run on blank KBr pellet 
before the sample analysis to remove atmospheric peaks o f water and carbon dioxide.
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Figure 3.1 Normal modes of vibration of a linear triatomic molecule
3.2 Raman Spectroscopy
Raman and IR spectroscopy are both non-destructive measurements which provide information on 
vibrational frequencies; however they have different selection rules. A Raman-active vibration occurs 
when polarizibility is changed during vibration and an IR-active vibration occurs if  the dipole moment 
is changed and thus the two techniques are complementary to each other. Polarizibility can be thought 
o f as distortions due to positively charged nuclei attracted towards a negatively charged pole and 
electron movement towards the positive pole. Typically, to undertake Raman spectroscopy a sample is 
irradiated with a laser and the scattered radiation is observed perpendicular to the beam. The 
technique is based on the Raman effect, which in simplest terms is the inelastic scattering o f photons 
by molecules. This is shown in terms o f energy in equation 3.1 (a) and (b), where the scattered light is 
known as Stokes and anti-Stokes emission. M ost photons are however elastically (Rayleigh) scattered 
and have therefore the same frequency as the incident photon. Raman scattering is very weak and is 
only a small proportion compared to Rayleigh scattering o f approximately 10'5 to 10'6 o f  the incident 
beam. The change in energy following the in-elastic scattering is given by:
AE = hv0-hvM and AE = hv0+hvM Eqn. 3.1 a , b
Where, v0 is the incident laser frequency and vM is the frequency o f the emitted radiation.
A schematic o f the experiment can be seen in figure 3.2. A continuous wave laser is used as the 
photon source and is focused using a microscope onto the sample. Scattered photons are collected and 
passed from the sample back into the spectrometer which disperses the light via a grating onto a
O— O
o— o  
1 1
+
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charged-coupled device detector (CCD). Raman spectroscopy was performed using a Renishaw 2000 
M icroRaman microscope with a 782 nm diode laser. Raman is calibrated using crystalline silicon 
substrate which shows a strong 521cm"1 Raman shift, figure 3.3.
detector
Grating
Frequency 
spectrum path
M icroscope
C o m p u t e r
Figure 3.2 Schematic diagram of the Raman spectrometer used.
Si 521
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Figure 3.3 Si Raman peak used as calibration reference for the Raman measurements.
3.3 Ultraviolet-visible Spectroscopy (UV-vis)
UV-visible absorption is a quantitative technique, which ranges from approximately from 2 xlO '7 to 8 
xlO"7 m. Samples are irradiated with light and absorption is observed typically originating from the 
presence o f chromophores contained within organic molecules. Electron transitions can occur from a 
filled orbital (a, n  and n) to a vacant orbital (o*, 7r*). A typically UV-visible spectrum plots
Sample
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absorbance as a function o f incident wavelength. The extent o f absorbance in the sample is found to 
be dependent on the concentration, path length o f the sample cell and the extinction coefficient o f the 
absorbing species. Correlations between the incident intensity and these parameters is described by 
the Beer-Lambert law, equation. 3.2.
I =  I0e~£Cl Eqn. 3.2
Where s is the molar extinction coefficient, c is the concentration, I is the path length o f sample cell, I 
is the intensity o f transmitted light and I0 is intensity o f incident light. To obtain the absorption (in 
units o f mol.cm'1) the logarithm o f the ratio of incident to transmitted light intensity is taken, equation 
3.3. From this equation it can be seen that this is directly proportional to s, c, and /.
A =  lo g y  =  scl Eqn. 3.3
Transition metal complexes are known for their range o f colours resulting from absorption in the 
visible (400-800 nm) region. The metal ions are often coordinated to a ligand, which normally donates 
a pair o f electrons. These absorptions are assigned to electron transfer within the d-orbitals, however 
the absorption is rather weak as it is a forbidden d-d transition, d-level splitting is due to crystal field 
effects and is determined in detail by the symmetry o f the electrostatic field surrounding the metal ion. 
By studying changes in the absorption spectrum of complexes, and thus the d-orbital splitting, we are 
able to determine ligand exchange and attachment in complexes. Another transition metal absorption 
is charge-transfer originating from the transfer o f electron from ligand to metal and vice versa. It is 
often referred to as metal-to-ligand charge transfer (MLCT) and is significantly stronger than the d- 
level transitions.
Absorption o f UV-visible was performed using a Varian Cary 5000 spectrophotometer using solutions 
in a match pair o f UV-quartz cells.71
3.4 Photoluminescence (PL) and photoluminescence excitation (PLE)
A Cary Eclipse spectrofluorometer was utilised to obtain PL and PLE (photoluminescence excitation) 
spectra within the 200-900 nm spectral range. Further to this, selected samples were excited by a 514 
nm (60 mW) CW Ar-ion laser and luminescence was measured using lock-in detection. This work 
was undertaken by other researchers on samples prepared by the author. The absorption o f radiation 
by an atom or molecule can result in an excited species and if  the absorbed energy is high enough an 
electronic excitation can be obtained. One o f the possible outputs or outcomes o f an electronically 
excited state is emission o f light (luminescence) upon relaxation to its original ground state.
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Figure 3.4: Jablonski diagram to show energy pathways to luminescence
Luminescence can be classed as fluorescence or phosphorescence. As shown diagrammatically in 
figure 3.4, fluorescence occurs after absorption o f energy leading to an electron in an excited state. 
Following initial intra-level (vibronic) relaxation via phonon scattering (on a typical timescale o f -1 0 ' 
15 sec.), inter-level crossing can occur by emitting a photon (10'9 sec.)
Phosphorescence occurs on a longer timescale but is initiated in the same manner as fluorescence. 
However, prior to relaxation o f  the SI state, intersystem crossing occurs which results in the 
formation o f an excited triplet state. For the electron to return to the ground state a triplet-singlet 
transition must occur which is ‘forbidden’, thus leads to a significantly increased emission lifetime. 
PLE (photoluminescence excitation) scans the excitation wavelength and measures a very narrow 
window o f fixed wavelength o f emission. Advantages o f PLE is that you get a similar measurement to 
an absorption measurement except with better sensitivity in that absorption is only observed for peaks 
that create an excited state that can emit at a specific chosen wavelength, as a result any absorption 
that leads to non-radiative relaxation is ignored.
3.5 Nuclear Magnetic Resonance Spectroscopy (NMR)
Nuclear M agnetic Resonance spectroscopy (NMR) is a unique technique which can be used to
distinguish the specific nuclear isotope present and characterise the local structure. Examples o f  NM R
active nuclei include LH, ljC, 15N, 19F, 29Si and 31P. NM R exploits the magnetic property o f the nuclei. 
A spinning charge in a magnetic field has a magnetic moment (p). The magnitude o f p depends on the 
gyro-magnetic ratio (y), Planck’s constant/271 (h ) and spin quantum number (I).
= y h l  Eqn 3.4
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External 
Magnetic field
Figure 3.6: Magnetic moment (jli) of nuclei in a circular motion interacting with external magnetic field
(Bo).
In the presence o f  an externally applied magnetic field (B0), the interaction between a spinning 
nucleus and an external field causes the magnetic moment o f the nuclei to move in a circular fashion 
about B0> figure 3.6. Nuclei with I  =  14 have 2 possible spin orientations, with parallel components 
aligned with the magnetic field ( /=  +14), or opposed to the magnetic field (I = -!4). W hen applying an 
additional varying radio frequency (whose frequency will depend on nuclide), it is possible to flip the 
spin orientation through absorbing energy (AE). This energy can be calculated by equation 3.5.
AE = yhB0
2 n
Eqn 3.5
For energy absorption to occur there must be a higher population o f lower energy spin states (m = 
+1/2) than higher (m = -1/2). The ratio o f spin state populations is found using the Boltzmann 
distribution (Equation 3.6), where k  is Boltzmann is constant and T  is absolute temperature in Kelvin. 
Although the difference between populations o f lower to higher energy is typically very small, it is o f 
adequate quantity to allow detection. The sensitivity o f NM R allows detection o f analyte in the range 
o f sub-millimolar concentrations, thus even a few micrograms can be detected.
- A E
(w— 1/2) _  e {  K T Eqn 3.6
(m = + l/2 )
Solid state jlP NM R was undertaken by the EPSRC NM R facility at Durham University using a 
Varian VNMRS spectrometer operating at 161.88 MHz for j lP (399.88 M Hz for 1H). A 4mm (rotor 
o.d.) MAS probe was used.
l=+ l/2  l= -l/2
(B0)
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Solution *H NM R experiments were performed within the School o f Chemistry, University o f 
Southampton using a Bruker DRX 500 spectrometer.
3.6 Thermal Gravimetric Analysis (TGA)
TGA measures the change in mass o f  a sample as a function o f temperature. This technique can not 
directly characterise the sample, and interpretation o f  the data needs to be used in conjunction with 
other techniques. It can be used to characterise the decomposition and thermal stability o f materials 
under a variety o f  conditions. Desorption, adsorption, sublimation, vaporization, oxidation, reduction, 
decomposition and melting are all important mass transitions which can be observed in materials. 
External conditions strongly influence the characteristics o f the data with factors including sample 
mass, volume and physical form, packing density, the shape and nature o f the sample holder, the 
nature and pressure o f the atmosphere in the sample chamber and the scanning rate all being 
important.7j For example, the packing density o f a sample can trap air particles thus reducing thermal 
conductivity. On the other hand a high packing density can inhibit the diffusion o f  evolved gases 
through the sample and significantly affect the observed decomposition reaction kinetics. Even for 
powdered samples, variations in the TG curves are observed with changes in particle size. Smaller 
particles have the best surface-to-volume ratio and at any given temperature the extent o f 
decomposition is greater than for samples o f larger particle size. In this study samples were 
investigated using an aluminium pan in an atmosphere o f condensed dry air or nitrogen. W ithin this 
work a TG 760 series, Rheometric scientific, was used to obtain such measurements, figure 3.7.
■ M ic ro b a la n c e
C o m p u t e r
S a m p le
C r u c ib le
— ■ F u r n a c e
T e m p e r a tu r e
P ro g ra m m er
Figure 3.7: Schematic of TGA 73
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3.7 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 
(EDX)
Scanning electron microscopy (SEM) utilises the wave-nature o f electrons in place o f light to form an 
image which has the advantage o f increasing resolution due to the electrons’ shorter wavelength. 
Through scanning an electron probe across a sample, high resolution images o f the morphology or 
topography of a sample, with great depth o f field, with magnifications of between x30 to x l 300 000 
can be obtained.
To obtain images a beam o f electrons is targeted under vacuum upon a sample having first passed 
through various electron lenses. The beam is focussed by an objective lens, and then scanned across 
the surface o f the sample using electromagnetic deflection coils. The electrons interact with the 
sample resulting in a release o f secondary electrons, back scattered electrons and X-rays. Some o f the 
secondary electrons are incident upon a scintillating material that produces flashes o f light from the 
electrons. The light flashes are then detected and amplified by a photomultiplier tube and are collected 
to form an image. Electrons can be accelerated to the sample with energy o f between 1-40 keV. As 
fullerites (carbon) are semi-transparent towards electrons having high kinetic energy, decreasing the 
electron beam energy greatly increases the surface sensitivity. The image collected looks similar to 
that o f an optical image.
A FEI, Quanta 200F microscope was used for SEM imaging experiments. Typically samples were 
prepared for analysis by depositing a small amount of suspension onto a silicon wafer and evaporating 
the solvent with gentle heating.74
A secondary method of analysis associated with SEM is Energy Dispersive X-ray spectroscopy (EDX 
or EDS). Compositional analysis o f a material may be obtained by monitoring secondary X-rays 
produced by the electron-specimen interaction in which an incident electron beam excites an inner 
electron o f an element. These electrons are replaced from outer shell electrons, emitting X-rays in the 
process. Each element has a specific characteristic energy associated with this process. Due to the 
absorption o f X-rays by the detector window, only elements with greater relative atomic mass than Li 
can be identified.
3.8 Transmission Electron Microscopy (TEM)
The principle o f the transmission electron microscope (TEM) is again similar to that o f an optical 
microscope, with electrons used instead of light. The electron wavelength is dependent on their 
energy, and so can be tuned by adjustment o f accelerating fields. The wavelengths are smaller than 
light allowing for higher resolution. An electron beam is focused on a very thin sample with some
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electrons therefore able to penetrate through. Those transmitted are detected providing information on 
the local density o f the sample. For crystalline samples the transmitted electrons are diffracted 
revealing information of the crystal structure. TEM, undertaken by colleagues (Dr Stolojan and Dr 
Sloan), was used to study fullerite materials provided by the author as part o f this study. Samples were 
imaged on a Philips CM-200 TEM with resolution o f 0.19 nm. Electron diffraction (ED) was obtained 
using a JEOL 3000F field emission gun, operated at 300 keV. Specimens were ultrasonically 
dispersed in ethanol then transferred to a holey carbon coated copper grid. High magnification lattice 
images were obtained from the samples at intermediate magnifications o f *120 000 to 250 000. In 
order to keep specimen damage to a minimum, ED patterns were also obtained from the samples 
using a minimum beam dose.
3.9 Gas Chromatography-Mass Spectroscopy (GC-MS)
Gas chromatography is a useful tool for the analysis o f the purity o f organic samples. Providing that 
the sample is volatile or semi-volatile, GC is able to separate compounds whilst Mass Spectroscopy is 
then used to identify them.
GC injects a sample into the head o f the chromatographic column where it is vaporised. Separation o f  
mixtures in microgram quantities occurs by the flow o f the sample in an inert carrier gas through a 
column. Components migrate at different rates due to differences in boiling point, solubility or 
adsorption. Gas from GC cannot be directly pumped into the mass spectrometer due to pressures 
differences between the GC and MS systems. The compound from the gas chromatograph is a trace 
component in the carrier gas at a pressure o f about 760 torr, whilst the mass spectrometer operates at 
vacuum o f about KT6 to 1(T5 torr. A special interface is used to concentrate the analyte as well as 
reducing the pressure. There are a variety o f mass spectrometers including chemical ionization, 
quadrupole, ion trap, and time-of-flight. Whichever mass spectrometer is used they all contain an ion 
source, ion accelerator and mass analyser. Electron ionization is most commonly used with GC, with 
the ionizing electrons from the cathode colliding with the sample molecules to produce molecular 
ions. Sufficient energy (~70 eV) is required to fragment sample molecules into various sized positive 
ions.
The fragments are accelerated through a chamber o f which a magnetic field is placed across. The 
potential energy is zV (z = charge o f ion, V = potential energy), which is subsequently converted to 
kinetic energy (equation 3.7). A charged particle passing through a magnetic field feels a force that is 
perpendicular to magnetic field and a velocity causing it to deflect into a circular trajectory. The 
magnitude o f the force felt by the ion is Bzv. Due to the constant radius, the instrument will allow 
only specific m/z ions to pass through the curved chamber and into the detection slot. The rest simply
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hits the walls and are neutralised and lost. By changing o f potential energy (V) or magnetic field (B), 
the m/z is also changed and thus a spectrum can be obtained.
i  771V2 =  zV Eqn 3.7
Where m = mass o f particle, v = velocity o f particle, z = charge o f ion, V = potential energy.
Bzv = ^ j -  Eqn 3.8
Equation 3.8 and 3.7 are combined to give a mass to charge ratio shown in equation 3.9. 71 where B = 
magnetic field, r = radius o f magnetic field sector.
m
Z 2V
Eqn 3.9
3.10 Layer by layer deposition (LbL)
Layer by layer deposition is a well established technique which enables the formation o f thin films o f  
polymer onto surfaces.
A substrate (glass slide) is dipped back and forth between beakers o f positively and negatively 
charged polyelectrolyte solutions. Our LbL are performed by a NIMA dip coater, allowing for 
controlled immersion and withdrawing rates, thus good repeatability is found. NIMA was 
programmed to dip and withdrawal at a rate o f 15 mm per minute, stopping for 60 seconds before 
withdrawal. During each dip a small amount o f polyelectrolyte is adsorbed and the surface charge is 
reversed, allowing the gradual and controlled build-up o f electrostatically cross-linked layers. For 
each cycle the slide is washed between each polymer coating via two dips in deionised water.
3.11 Electrodeposition
All electrodeposition in this report was controlled by an Autolab electrochemical workstation (PG stat 
12). By applying a current into the salt solution cell, an electric field is induced across the electrodes. 
Cations are attracted to the cathode and anions attracted to the anode. Metal cations are reduced 
forming a solid metal on the cathode electrode surface. Electrolyte was contained within a 4 cm 
diameter vessel, which a frame that ensures constant distance maintained between electrodes. 
Electrolytes o f 10 cm3 were stirred between each experiment. The cathode and anodes are cleaned 
using a 3 stage cleaning process to ensure oil free surfaces for adhesion.
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4 Optimising Fulierite Growth
High purity single crystal fullerites with uniform dimensions have been synthesized using 
LLIP by K. Miyazawa group. 37 We have developed a rapid and facile approach which can 
be completed over a timescale o f typically a few seconds (FLLIP). This chapter explores 
fulierite growth under controlled parameters to attempt to optimise and improve 
understanding o f growth mechanism. Fulierite rods are characterised using various 
techniques o f SEM, STEM, FTIR, Raman and absorption (UV-visible, Varian Cary 5000).
4.1 Experimental Details
Fulierite samples were grown using the liquid-liquid interfacial-precipitation method. Due to 
the nature o f crystallisation, slight variations in crystal morphologies, size and shape can 
occur due to natural fluctuations o f external conditions, such as humidity. Thus each set of 
conditions change were grown on the same day to avoid such variations. To allow 
comparison between the various fulierite growth methods a standard growth procedure was 
established which will be referred to as “Standard Reference fullerites”: 1.0 ml o f 0.3 wt% 
C6o in toluene solution was added drop-wise into 2.0 ml IPA at room temperature, at a 
constant rate o f 0.5 ml per minute controlled by a Razel A99 syringe pump. Upon addition of 
the solution C6o in toluene to the IPA, the liquid instantly turned brown, forming a 
suspension which was allowed to settle. A small aliquot o f suspended product was left to dry 
on silicon which was then imaged instantly with SEM, the remaining solid product was 
separated by filtration using 0.2 pm, PTFE, Whatman® filter membranes, dried under 
vacuum, then stored in a dry desiccators. These are reference conditions and will remain 
constant throughout and will be referred to as the reference fullerites. With every parameter a 
standard reference batch is made as a form of quality control.
4.2 Material Characterisation
A detailed list o f all other solvents used, their purity and their manufactures can be found in 
the appendix.
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4.2.1 Microscopy Characterisation
Microscopy gives a good indication of morphology when imaging fulierite rods. Samples 
consist principally o f an abundance o f straight rods, randomly orientated. The morphology of 
a C6o rod has a hexagonal cross-section can be clearly seen in SEM image, figure 4.1(a). The 
tips o f the rods are not flat, but are slightly pointed and exhibit faceting. There are six facets 
which bisected the facets o f the body o f fulierite. The morphology o f the tip is similar to that 
of the multiply twinned fullerene particles. 75
In order to investigate any cavities within the fulierite rods they were probed using STEM. In 
the STEM images in figure 4.1(c) and (d) showing dark field and bright field, the contrast is 
determined by the thickness o f the cross-section, indicating that this fulierite is not hollow 
with even thickness throughout.
When manipulated using the probes o f a nano-manipulator the rods were found to be 
extremely static and were difficult to handle due to electrostatic forces. Fullerites that were 
attracted and not repelled by the probes were found to be extremely brittle, bundled fullerites 
which would shear before separation could be achieved.
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Figure 4.1 SEM image (a) to show hexagonal fulierite (b) fulierite tip, STEM image to 
show (c) dark and (d) light field.
To identify the quality and quantity o f fullerites produced, statistical data was collected. 
They were counted, measured and examined for defects. Distribution is shown below in 
figure 4.2(a) and (b) as histograms. Based on a histogram o f 100 randomly selected rods, it 
can be observed that there is a distribution o f size for each batch, but the majority o f 
fullerites are 4-8 pm in length and 0.2-0.8 pm in diameter, the aspect ratio (length: diameter) 
is -1 2 . Standard rods were very high quality without visible defects on the surface and 
possess very uniform diameters along their entire length. The % yield o f  standard fulierite 
crystal growth is extremely high approximately 88-90 %, the filtrated solutions can be 
recycled so that the Q o can be extracted. This process is energy efficient as no heating or 
pressurising is required with minimal C6o waste.
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Figure 4.2 Histogram to show distribution of fullerites (a) length (b) diameter
4.3 Crystal Morphology Dependence on external Conditions
A variety o f fulierite structures o f varying degrees o f  quality are obtained by changing 
crystal growth parameters. Size, dimensionality and shape play important roles in nano­
materials and will directly influence properties such as electrical conductivity, magnetic and 
optical.76 The property o f bulk material is largely determined by the types o f  the constituent 
elements, the nature o f the chemical bonds. This section investigates the external conditions 
o f solvent concentration, ratio, type and temperature. These were systematically changed to 
determine the conditions which govern morphology o f the fullerites, help optimise growth 
conditions and hypothesize growth mechanisms. For each systematic condition change, a 
standard reference batch was created in parallel (conditions stated in section 4.1) as a direct 
comparison.
4.3.1 Effect of Solvent Concentration and Ratio
Experiments were carried out on different initial concentration and solvent ratios. In this 
study the effects o f the ratio o f solvents and the C6o concentration are studied in detail. The 
FLLIP fullerites were filtered and examined immediately after addition o f second solvent.
To investigate the effect o f  volumes, 0.02, 0.2, 1 and 2 ml o f a 0.3 wt% solutions o f C6o in 
toluene were added (at room temperature) to 2 ml o f propan-2-ol providing toluene to 
propan-2-ol ratios o f 1:100, 1:10, 1:2 and 1:1 respectively. As the overall quantity o f C60 
molecules in the mixture is reduced it was hypothesised that there would be a reduction in 
quantity o f  fullerites formed, this has been difficult to confirm as counting quantity has been 
difficult due to the conjoined and misshapen shapes. However it can be confirmed that at low 
volumes o f toluene solution the percentage yield is still within the region o f  80-95 %, thus
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the percentage yield is not reduced. SEM images o f  fullerites obtained using 0.02 and 0.2 ml 
o f toluene solution are shown in figures 4.3(a) and (b). There is a significant reduction in 
fulierite quality and size as the volume o f toluene solution added is reduced. The reduction in 
quality can be seen on the walls which are covered in nodule-like features. It is possible that 
a solvent annealing process in which C6o molecules on the surface o f the crystals can re­
dissolve in toluene before being re-deposited at a site which is more energetically favourable 
is taking place. The reduction in size is mainly evident in the length with the diameter being 
less dependent on the added volume o f C6o solution.
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Figure 4.3 SEM images of C60 fullerites grown from adding (a) 0.02 ml (b) 0.2 ml of 0.3 wt% C60 
in toluene to 2  ml of propan-2 -ol and from adding 2  ml of (c) 0.3 wt% and (d) 0.003 wt% C6o in 
toluene to 2 ml of propan-2-ol. The scale bars are 2 pm long in the main images and 10 pm long
in the inset images.
The next series o f experiments investigated the influence o f concentration. A constant 
volume o f 2 ml toluene solution with concentrations o f 0.003, 0.03, and 0.3 wt% C6o was 
added to 2 ml o f propan-2-ol. Little difference was observed between the 0.03 and 0.3 wt% 
samples in terms o f shape and quality (figure 4.3). However upon reducing the C6o 
concentration to 0.003 wt%, a dramatic reduction in the number and form o f fullerites 
obtained was observed in SEM images in Figures 4.3(d). In the case o f very low
32
Chapter 4 Optimising Fulierite Growth
concentration toluene solution, it appears that nucleus/clusters are formed with several 
“stubs” o f fullerites emerging from one point. Percentage yield decreases significantly from 
80 % to 13.5 % by reducing C6o concentration 0.3wt % to 0.03 wt % respectively. Percentage 
yield is calculated by the actual yield taken as a percentage o f theoretical yield. The 
reduction in yield can only be from un-crystallized C6o passing through the 0.2 pm filter. 
SEM images are taken of samples before they are filtered and dropped onto silicon substrate 
for analysis; this was to ensure any rods smaller than 0.2 pm can be detected before filtering. 
Experiments carried out at concentrations above 0.3 wt% showed no further change in 
crystal growth, this also due to the fact that the C6o solution is already saturated, at higher 
concentrations excess C6o remains as a solid at the bottom o f the vial. This result 
demonstrates that fulierite rod formation must have an initially high concentration in the 
toluene phase which as the fullerites form is reduced thus allowing any solvent annealing to 
take place to produce high quality fullerites. The C6o solution used does not need to be 
saturated as described elsewhere. 37 The solubility o f C6o in toluene is 2.15 mg/ml (0.248 
wt%),77 although solubility varied a lot depending upon the source. Standard rods are made 
from a supersaturated solution o f 0.3 wt%. The large effect o f crystal growth on external 
conditions is evident when comparing figures 4.3(a) and (c) which both contain the same 
amount o f C6o under different concentrations and solvent ratios with respect to the toluene.
The effect o f IPA solvent was varied with volumes o f 2, 4, 6 and 8 ml, whilst the C6o volume 
and concentration was kept constant. Correlation between IPA volume and the fulierite rod 
length shows that increasing o f co-solvent volume decreases length. By adding co solvent, 
solubility o f the solute is reduced causing nucleation and precipitation. It can be observed 
that increasing IPA co-solvent, nucleation is formed but the C6o is no longer in a saturated 
solution and has formed a stable equilibrium so no longer feeds the growth o f crystals and 
thus reduces the length.
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Figure 4.5 Crystal length dependence on volume IPA
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It is apparent that for the conditions studied the diameter o f the resulting fulierite crystals 
remains approximately constant indicating a stable crystalline form is reached presumably 
driven by a reduction o f  the local energy possibly aided by solvent affects and\or thermal 
energy allowing Cm molecules to rearrange themselves. Only once this stable configuration 
is reached do the crystals then start to elongate increasing the length to diameter ratio.
4.3.2 Changing the Nature of Solvents
The nature o f  solvent is investigated in more detail, this is significant because FLLIP 
technique is extremely dependent on the type o f  solvents and co-solvent used. A  series o f  
experiments in which either the polarity o f  the miscible co-solvent or the aromaticity o f  the 
solvent was varied. Table 4.1 shows details o f  the various solvent combinations used. In each 
case 1 ml o f  aromatic solution with C6o was added drop wise into the 2 ml o f  alcohol at room 
temperature as described above for the standard conditions.
The first series o f  crystals was formed by adding the Cgo toluene solution to different co­
solvents (alcohols). A  clear relationship between the solubility o f C6o in the alcohol and 
nature o f  the crystal products obtained can be observed. Due to large variations in published 
C6o solubility data, the most comprehensive list was referenced. For alcohols with the lowest 
solubility a high yield o f  sub-micron sized crystals are observed from which a few larger 
crystals grow.
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Table 4.1 Details of solvent combinations studied and their affect on crystal growth.
Alcohol Solubilit 
y  xlO'9 
Molarity 
@ 298
K78
Aromatic
solvent
Solubilit 
y  xlO-3 
Molarit 
y @ 2 9 8  
K
Rang 
e o f 
length 
\  pm
Mean 
length 
\  pm
±
0.6pm
Range 
o f  
diamete 
r\ pm
Mean
diamete
r \p m ±
0.6pm
Methan
ol
2.0 Toluene 0.42 0.8-
1.9
1.3 0.1-0.4 0.2
Ethanol 82 Toluene 0.42 0.6-
8.5
3.4 0.1-0.8 0.3
Propan-
l-o l
400 Toluene 0.42 10.3-
49.6
27.1 0.3-2.2 0.8
Butan-
l-ol
1200 Toluene 0.42 4.6-
48.1
14.2 0.5-3.0 1.0
Propan-
2-ol
229 Toluene 0.42 2.5-
11.3
6.0 0.1-0.9 0.5
Propan-
2-ol
229 1,2-
dichlorobenzen
e
6.9 1-3.8* 2.1 0.9-2.6 1.7
Propan-
2-ol
229 Chlorobenzene 1.0 r
 
oo 
7^ 2.8 0.3-0.5 0.4
Propan-
2-ol
229 1,4-
Dimethylbenze
0.53 1.4-
5.1
3.1 0.3-0.6 0.4
ne
*non- rod growth
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Figure 4.6 SEM images o f C60 fullerites grown using (a) methanol (b) ethanol (c) propan-l-ol 
and (d) butan-l-ol. The scale bar is S pm in all images.
As solubility increases the diam eter increases, varying from  200 nm to 1000 nm upon 
changing from m ethanol to bu tan-l-o l (SEM  images figure 4.6 and table 4.1). The fulierite 
length follows a trend increasing with the alcohol solubility. It is interesting that changing 
the isom er from propan-l-o l to propan-2-ol results in significantly different fullerites, the 
form er solvent produces larger crystals (Table 4.1) despite their sim ilar C6o solubility. Thus 
subtle changes can significantly influence the nature o f  the fulierite formed. G iven that 
alcohol is the m iscible solvent which forces C6o to precipitate, it may be expected that the 
alcohol with least solubility to C<3o would form  larger rods. From the result it can be 
confirm ed that the opposite is true, this may be related to the polarity o f  the alcohols w hich 
decreases with increasing chain length (e.g. relative polarity o f  m ethanol = 0.762 and butan- 
l-o l = 0.602). Toluene has a polarity o f  0.099, thus the change in the nature o f  the fullerites
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form ed is possibly related the ability o f  the alcohol and arom atic solvent to interm ix and thus 
have sim ilar polarities.
A  relationship between the choice o f  arom atic solvent and resulting crystal structures were 
observed (figure 4.7). The relationship is less straight forward as the alcohols, due to 
different solubility and thus a difference in saturation o f  C6o, thus cannot be com pared 
directly against each other. All arom atic solvents used had 0.3 wt%  o f  C6o added and were 
sonicated until no precipitate could be observed at the bottom  o f  the vial. D ichlorobenzene 
showed the highest solubility, precipitation did form but in clusters and no rods were 
observed. There was little difference between chlorobenzene and dim ethylbenzene. W hilst 
toluene showed a significant difference in length, being alm ost tw ice as long as the latter 
solvents.
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Figure 4.7 SEM images o f C60 fullerites grown using (a) 1,2-dichlorobenzene (b) chlorobenzene 
(c) toluene (d) 1,4-dimethyIbenzene. The scale bar is 5 jim in all images.
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4.3.3 Stability of Fullerites in Solution
Standard reference fullerites are filtered after 10 m inutes and stored as a  powder, which is 
stable in size and shape. The reference fullerites w ere left in dispersion and m onitored for 
any dim ensional changes at 0, 1, 4, 24, 48 and 168 hours at 19 °C. These results will help 
identity stability o f  fullerites in solution as well as a com parison for low tem perature slow 
growth. The change in dim ensions as a function o f  tim e is shown in figure 4.8. There appears 
to be slight variation during the first 4 hours, after which the length and diam eter is stable 
and does not change.
length 
diameter
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T im e  (h o u rs )
150
Figure 4.8 Dimensions o f standard reference rods in dispersion between 0-168 hours
4.3.4 Effects of Temperature
To study the effect o f  tem perature on the fulierite growth process, experim ents w ere carried 
out at room  tem perature (19 °C), in an ice bath (0 °C) and in an acetone dry-ice bath (-78 °C) 
adding 0.3 wt%  C6o-toluene to propan-2-ol in the described standard procedure. Solutions 
were cooled appropriately for 1 hour before ciystallisation was preform ed. A fter 4 hours o f  
growth all samples were analysed and rem ainder o f  the sam ple was stored in fridge (3 °C).
D uring the 4 hours o f  growth little change was observed in shape o f  fulierite at 0 °C or 19 
°C. Fullerites grow n at 0 °C can be concluded to be shorter than those obtained at 19 °C 
whilst those grown at -78 °C are typically larger. As shown in histogram  figure 4.10. 
Solubility o f  C6o in toluene decreases w ith increased tem p era tu re .79 A t -78 °C an increase o f  
rod length is observed com pared to room tem perature. At 0 °C a distinctive decrease in rod 
length is observed, com pared to both 19 °C and -78 °C. This conflicts the previous solubility 
hypothesis, how ever due to only having 3 variations in tem perature no trend can be 
determined. Due to the com plexity o f  ciystallisation systems, it is difficult to prove the exact 
reason for this change. The ciystallisation m echanism  may be different, perhaps a com plexed
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4 phase reaction due to droplets o f  condensation which does not otherw ise occur at room 
tem perature or at -78 °C. It is well known that trace impurities are able to form seeding and 
initiate chain reaction o f  crystallisation.
For those fullerites grown at -78 °C, there was an increase in the num ber o f  non-single 
crystal and irregular structures obtained e.g. Figure 4.9(a) and (b); including some sim ilar to 
the hollow  ‘fence-like’ fullerites. The wide variety o f  structures obtained at -78 °C is due to 
the inability o f  C6o m olecules to therm ally rearrange into lower energy positions. Fullerites 
form ed under 0 °C conditions w ere good quality rods with few defects.
Figure 4.9 SEM images o f none rod structures obtained from the sample prepared at -78 °C.
The scale bar in (a) 2 pm (b) 5 pm.
Length (pm)
Figure 4.10 Histogram to show rod length distribution at temperatures o f -78, 0 and 19 °C
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4.4 Spectroscopic Characterisation
4.4.1 True nanoscale Fullerites
The optim um  condition from each param eter was used to prepare favoured dim ensions o f  
nanom eter lengths and diameters. Sm aller fullerites have higher surface area for catalytic 
interactions. Reduced diam eter was obtained with the sm allest regularly obtained size being 
-8 0  x 500 nm, as shown in SEM  image figure 4.11 (a) and (b). These results are o f  particular 
significance because the fullerites are close to an order o f  m agnitude sm aller in diam eter 
than any previously reported structures in literature.32 Param eters used to form  these 
fullerites were 0.2 ml 0.3 %  C m  in toluene with 1.8 ml IPA at 0 °C. Due to the low 
distribution in lengths com pared to standard references, the understanding o f  the crystal 
structure is therefore o f  interest as it may help elucidate further the m echanism.
Figure 4.11 (a) SEM images o f Q o fullerites grown at 0 °C (scale bar = 2 pm) (b) HRTEM  image 
o f a pair o f C6o nano-rods obtained from the same sample
Low and interm ediate m agnification HRTEM  and electron diffraction (ED ) in figures 4.12 
were used to gain m ore information about the m icrostructure o f  the 500 nm fullerites. The 
lattice images in figures 4.12(b) including the ED patterns seen in the inset o f  higher 
magnification HRTEM  image; both show the well-ordered structure. The im age was 
obtained from the indicated region in 4.12(a). The inset ED pattern obtained from about 1/3 
the field o f  view  o f  the entire fulierite also indicates the high degree o f  crystallinity. 
Crucially it revealed that each fulierite was a discrete single crystal o f  C6o- In order to keep 
specimen dam age to a m inim um  ED patterns w ere also obtained from the sam ples using a 
minim um  beam dose.
40
Chapter 4 Optimising Fullerite Growth
Figure 4.12 (a) Low magnification HRTEM image of fullerite at x30 000 (b) Higher 
magnification HRTEM image x250 000
There are not many characteristic FTIR peaks from C6o which only contains carbon-carbon 
double and single bonds. The FTIR spectrum displayed in figure 4.12 shows 4 peaks located 
at 527, 576, 1182 and 1429 cm '1. These peaks are characteristic o f C6o and the absence o f 
any other prominent features confirms that the rods consist primarily o f molecular C6o- FTIR 
absorption was attempted for the small 500 nm fullerites however the thin nature o f  the film 
resulted in interference fringes that masked the presence o f C6o peaks.
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Figure 4.13 FTIR of C60 powder and fullerite
Raman analysis has been used to study fullerites with the Ag(2) pentagonal pinch mode 
(1470 cm '1) known to be influenced by intermolecular bonding.80 Small shifts in this peak 
have been attributed to polymerisation o f  the fullerites caused by the laser used in the Raman 
measurement. 81,82 Raman measurements o f  the -8 0  nm diameter fullerites and standard 
fullerites46 using a lower energy excitation (782 nm) do not show any shift from that o f
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molecular C6o- As a result it can be concluded that this effect observed in previous studies 81 
is due to polymerisation induced by the laser used to obtain the Raman signal. The Raman 
fullerite spectrum is very similar to that o f the C6o powder. C6o is highly symmetrical; it has 
10 allowed vibrations which are Raman a c t iv e .T h e re  are 10 Raman peaks from C6o as 
listed in table 4.2.
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Figure 4.14 Raman spectra of a C6ofilm, small (80 x 500 nm) fullerites, and normal fullerites.
Ih m ode C 60 cm ' 1 FW H M
H g l 272 6.3
Hg2 433 7.6
A g l 496 3.0
Hg3 709 13.2
H g4 772 6.9
H g5 1099 5.7
H g 6 1252 9.1
H g7 1425 17.0
Ag2 1470 4.2
H g 8 1572 8.5
Table 4.2 Vibrations of Raman for C60 84
UV-visible absorption spectra are shown in figure 4.15, the absorption spectra is obtained 
from a dilute solution o f C6o, compared with absorption o f standard fullerites in both IPA 
figure 4.15(a) and toluene (b) in the range o f 200-800 nm. Due to the nature o f  fullerites 
suspension, its concentration cannot be directly compared to C60 solution, thus the fullerite 
suspension has been normalised. Absorption o f  dry fullerite film showed intense scattering 
which precluded the measurement. The spectra have peaks at 210, 265, and 340 nm which 
are clearly visible in IPA figure 4.15(a). The close resemblance between the absorption
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peaks o f C6o and rods in solvent at 265 nm and 340 nm indicate that the electronic structure 
o f the molecule is largely preserved in both. The most intense peaks are located below 300 
nm and correspond to ‘allowed’ LUMO to HOMO electronic transitions. Below 278 nm 
toluene solvent interferes with the absorption, however in the region o f -5 0 0  nm a broad 
weak peak is observed in the fullerites, this corresponds to ‘forbidden’ electronic transitions 
85 A proportion o f the low energy (>500 nm) absorption can be assigned to forbidden states 
occurring at -670  nm (1.85 eV ) . 86 The rest o f the absorption (<500 nm) which occurs maybe 
due to defects in crystal structure or inclusion o f  solvent in the structures modifying the 
electronic states and relaxation in the selection rules .8 5 ,87
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Figure 4.15 UV-visible spectra C60 and fullerites in (a) IPA and (b) toluene.
Figure 4.16 shows the PL spectra o f the 500 nm fullerites and standard reference fullerites. 
The spectra reveal two emission peaks in this region. Little difference is observed between 
the spectra o f  the small and normal fullerites except for a small reduction in the low energy 
tail. This reduction is not due to a variation in the spectral resolution between the 
measurements as there is no reduction in the high energy tail or any increase in resolution o f 
the subsidiary peak at -800  nm. Thermal effects can also be excluded as a cause, given that 
all samples were measured at ambient room temperature. The reduction in width o f  the PL in 
the low energy tail must be analysed with caution as the difference is so subtle, the thickness 
o f films are different causing a difference in scattering.
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Figure 4.16 Photoluminescence spectra of 500 nm fullerites and standard reference fullerites.
The 500 nm fullerites are found to be single crystals, similar to standard fullerites with no 
covalent bonding between fullerenes. When a secondary solvent (IPA) is added to a 
supersaturated solution o f C6o in toluene, the solubility o f the solvent changes inducing 
instantaneous nucleation. Critical concentration is dropped and nucleation no longer occurs, 
however the existing nuclei continue to grow in size. In this case the feed concentration is 
such that the rod growth is limited. This leads to low distribution in length compared to 
standard references, to form many 80 x 500 nm crystals. There is rapid formation o f  the 
fullerites, a high initial degree o f supersaturation is required.
4.4.2 Summary
The morphology o f the standard reference fullerite product has been characterized in detail 
by scanning electron microscopy, scanning transmission electron microscopy, demonstrating 
that the resulting materials are solid, hexagonal cross-sectioned rods with faceted tips. High 
resolution transmission electron microscopy investigations reveal that the rods are face- 
centred cubic packed single crystals. Vibrational and electronic spectroscopy studies provide 
compelling evidence that the rods are a Van der Waals solid since the electronic structure o f 
the component C60 molecules is largely preserved and that fullerites are a m olecular 
crystalline solid that are not polymerized. It was demonstrated that FLLIP technique is a 
rapid and facile method o f synthesizing high purity C6o rods o f  quite uniform dimensions. 
The FLLIP technique provides pure C60 rods which can be readily scaled up, these fullerites 
have sub-micron scale infrastructures. The majority o f the standard reference fullerites
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length is 4-8 pm and diameter is between 0.2-0.8 pm. The effect o f external conditions such 
as different initial concentration, volumes (solvent ratios), temperatures and different 
solvents has been explored. A wide range o f parameters are shown to influence fullerite 
formation. Full control over the fullerite growth process is desired to yield a product with a 
specific size and shape and therefore removing the need o f further post-growth processing. 
The volume and concentration o f the fullerene solution is demonstrated to not only affect the 
fullerite size but also the quality. This effect may be due to a solvent annealing process that 
allows for surface re-arrangement o f C6o molecules to occur. Variation o f the solvents was 
also found to affect fullerite formation. In the case o f varying the alcohol this was observed 
to strongly affect the resulting fullerite diameters and length, which may be related to the 
relative polarity o f the solvents and their ability to intermix. Varying the aromatic solvent 
was likewise seen to strongly affect the fullerite formation process. Variation o f the 
temperature during growth was found to have the most dramatic effect resulting in the ability 
to grow fullerite structures with dimensions an order o f magnitude below that previously 
reported. Variation o f the alcohol is seen to generally lead to an increase in the size o f the 
fullerite rods obtained which may also be link to the relative polarizibility o f the solvents 
used. Understanding o f the growth mechanism is therefore of fundamental importance. 
Recent literature has proposed a concentration profile based m odel88 in which the final 
structure is determined by the initial crystal nucleation that originates from rapid 
(instantaneous) C6o colloidal formation with diameters typically -400 nm upon mixing o f the 
two solvents32. Following this, depletion o f the local region surrounding these clusters as the 
fullerite grows is thought to determine the nature o f the final product. As such the 
concentration of fullerene and the relative solvent ratio play an important role.46 My thesis 
extends the range o f these parameters beyond those studied on other reported literature89,81 
and in doing so we obtain fullerite rods with diameters -80  nm, to our knowledge the 
smallest reported. It is o f interest to study the effects o f further reduction in fullerite size on 
the physical properties. The ability to grow such structures raises significant questions 
regarding our current understanding o f growth mechanisms based on the colloidal formation 
hypothesis. These 500 nm fullerites are compared to the previously reported larger fullerites 
with respect to their crystal, physical and optical properties.
These new fullerites were characterised and found to be single crystal in nature as revealed 
by HRTEM. Their materials properties studied using Raman spectroscopy and inferred from 
SEM characterisation are identical to those o f the larger fullerites. PL studies show evidence 
of a small reduction in the low energy emission that may be a consequence o f the small size 
of the fullerite crystals. However, further work is required to provide a detailed
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understanding o f  any such effects. The small diameter o f  these fullerites (-8 0  nm) has 
significant implications for currently proposed growth models based on the formation o f  C 6o 
colloids as seeds for fullerite growth.
The ability to produce large quantities o f fullerites raises the potential for their incorporation 
into devices to enhance a desired property.89 These small fullerites are o f  particular 
significance for the development o f  nano-metre thin film devices as at present the typical 
size o f  fullerites obtained from this process is too large (typically >500 nm diameter and 
microns in length) for incorporation into such devices. Potential electronic devices that may 
benefit from such materials include n-type organic transistors due to relatively high electron 
mobility o f  C60 (-0 .1  cm Y 's '1) .81
Other possible applications o f  fullerite rods include adsorbents, catalyst and membranes due 
to their relatively high surface area to volume ratio.32
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5 Palladium Complex Coordination to 
Fullerites
5.1 Introduction
A number o f in-depth studies on palladium-C6o complexation have been well documented 
in the literature.90,91 Covalent functionalisation o f C6o is possible with a wide range of 
transition metals.92 In this chapter we take advantage o f palladium complexes that 
coordinate in a r|2 fashion to C6o93 Firstly, the Pd-C6o complex is synthesised to allow full 
characterisation and comparison to previous studies. Following this a series o f experiments 
in which Pd-fullerites are formed is described. Evidence o f metal presence, steric hindrance 
and size effects are studied in detail for the resulting crystal structures.
5.2 Palladium Complexes (C60-il2)Pd(PPh3 ) 2
A precursor o f tetrakis(triphenylphosphine)palladium (TTPP) reacts with C6o in solution to 
give high yield (C6o-h2)Pd(PPh3)2. The fullerene is ligated in a rj2 fashion with a simple 
ligand exchange reaction as shown in figure 5.1. The adduct forms at the shorter 6:6 bond 
of the fullerene in region o f highest electron density.
toluene
Figure 5.1 shows schematic of tetrakis(triphenylphosphine)palladium(0) forming an 
adduct with C6o to produce (C6o-il2)Pd(PPh3 )2
The palladium com plex (C6o-r|2)Pd(PPh3)2 was characterised first to prove the 
correct com plex was produced and referenced against Bashilov et al. 92 Conditions 
used to produce (C6o-T|2)Pd(PPh3)2 involved addition o f  1:1 molar ratio o f  C6o and
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T T PP, in o x y g e n -fre e  to lu en e  (degasses by  n itrogen  gas ov er 10 m inu tes) in a 
co n tro lled  oxygen  free a tm osphere . S trict contro l o f  a tm osphere  ensu res th a t the  
p recu rso r P d(P P li3)4 does no t form  Pd(PPhs)202 p rio r to  fo rm ing  C6o adduct. T he 
p ro d u c t o f  ou r syn thesis ex h ib ited  a d istinc t ch lo rophy ll g reen  co lo u r as repo rted  by 
Bashilov, in a  fu ll charac teriza tio n  rep o rt.92 T h is can  be co n firm ed  b y  uv -v is  
spectrum  in figure  5.2, w h ich  show s abso rp tion  o f  red  and blue. In  add itio n  to  th is a 
red u c tio n  in sym m etry  o f  C6o w as c learly  show n by  R am an  spec tro sco p y  (show n  in 
figure  5.3) to  be in agreem en t w ith  lite ra tu re .83 In particu lar, sp litting  o f  the  
degenera te  H g 4 772 c m '1 R am an  band, w h ich  sp lits into 3 peaks found  at 745, 762 
and  777 c m '1, w ith  F W H M  o f  11.4, 7.6, 10.7 com pared  to  6.9 with C6o- (S ee tab le  
5.1). A  strong  enhancem en t o f  the  H g3 709 c m '1 R am an  band  is ob serv ed  w ith  
in tensity  o f  0 .36 for the  com plex  com pared  to  0 .02 for C6o- In  add ition , C6o R am an  
inactive  bands appear w ith in  the base line , w hich  have no t been  listed  in th e  tab le , 
bu t can  be seen in figure  5.3. R am an  peaks are described  in d eta il in sec tion  4 .4 .1 . 
T he ch a rac teristics repo rted  in ou r study  agree w ith  those  p rev io u sly  described . 69’ 
83 T h is syn thesis  o f  (C 6o-p2)P d(P P h 3)2 w as undertaken  p rio r to  the  fo rm ation  o f  
p a llad ium -func tiona lised  fu llerites to  a llow  com parison  o f  the m ateria ls.
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Figure 5.2 UV-visible of TTPP, Pd(PPh3)4, fullerites, Pd-fullerites and (C60-ii2)Pd(PPh3)2
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Figure 5.3 Raman spectra of C60, standard reference fullerites, Pd-fullerites and (C60-
t]2)Pd(PPh3)2.
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Table 5.1. Summary of Raman peaks of C60, standard reference fullerites, Pd- 
fullerites and (C6o-il2)Pd(PPh3)2.
^60 standard
reference
fullerites
Pd-fullerites (C60-n2)Pd(PPh3)2.
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272
(Hg)
0.69 6.3 272 0.70 6.4 272 1 5.5 293 0.08 10.4
433
(Hg)
0.06 7.6 433 0.07 1 0 . 6 433 0.08 1 0 .1 378 0.16 1 1 . 6
496
(Ag)
0.65 3.0 496 0.82 5.1 496 0.93 4.3 500 0.04 13.0
709
(Hg)
0 . 0 2 13.2 709 0 . 0 2 9.7 709 0.06 13.9 714 0.36 1 0 . 6
772
(Hg)
0.13 6.9 772 0.13 5.1 772 0.13 5.7 745
762
111
0.07
0.28
0 . 0 2
11.4
7.6
10.7
1099
(Hg)
0.03 5.7 1099 0.04 7.9 1099 0.06 6 . 6 1083 0.08 8 .1
1252
(Hg)
0.03 9.1 1252 0.04 9.4 1252 0.05 1 1 . 8 1251 0.32 12.7
1425
(Hg)
0 . 0 1 17.0 1425 0 . 0 1 16.4 1425 0.05 12.9 1425 0.52 9.9
1470
(Ag)
1 4.2 1470 1 4.5 1470 0.94 5.5 1464 1 9.9
1572
(Hg)
0.05 8.5 1572 0.06 8 .1 1572 0.08 11.7 1574 0.28 8.5
Note. Intensities (peak height) are relative to the strongest observed mode.
5.3 Palladium Fullerites
The precursor (TTPP) was added to the C6o solution from which the fullerites grow and 
thereby removed the need to undertake (C6o-ri2)Pd(PPh3)2 pre-synthesis. It was assumed that 
figure 5.1 still occurs under excess C6o which is required to form fullerites.
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In a typical experiment, 50 pi aliquots o f TTPP (3.6 xlO'3 moldm'3) were added drop-wise 
into 950 pi (3.6 xlO'3 moldm-3) C6o in toluene. Following this the C6o/palladium mixture 
was added (drop-wise at a desired rate controlled by a syringe pump) to 2.0 ml o f propan-2- 
ol to initiate crystal growth. After approximately 30 seconds, the liquid turned brown 
forming a suspension which was allowed to settle. The solid product was separated by 
filtration (50 nm PTFE filter paper)60. This entire process was performed under reduced 0 2
atmosphere to reduce oxidation o f the palladium complex.
5.4 Changing Ratio of Pd: C6o
Figures 5.4(a) and (b) show SEM images o f fullerite rods grown with and without TTPP. It 
is clearly observed that the addition o f TTPP results in a distinct change in morphology. 
The typical aspect ratio o f the rods grown without TTPP is 1:14 (length 5.6 pm and 
diameter 0.4 pm). For fullerites grown with molar ratio o f 1:19 o f Pd:C6o (mol) results in a 
typical aspect ratio o f 1:3 (length 2.3 pm and diameter 0.8 pm). As the quantity o f TTPP 
introduced is increased further, a corresponding increase in fullerite diameter, accompanied 
by a decrease in fullerite length, results as summarised in figure 5.4 (c). When equimolar 
quantities o f TTPP and C6o are used, it is observed that fullerite rods no longer form, and 
instead spherical precipitates o f approximately less than 1 pm in diameter are obtained. 
Industrially, additives are often used during crystallization to control morphology and 
careful analysis is required to prove that palladium is attached to the fullerites rather than 
simply influencing growth, especially in light o f the very low concentrations used.
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Figure 5.4 SEM of fullerite rods grown with (a) 1:19 Pd:C60 (mol) ratio and (b) standard 
fullerites. The scale bars in (a) and (b) are 5 pm. Spectrum to show average fullerite diameter 
(■) and length ( • )  as a function of moles of palladium precursor added (c).
5.5 Characterisation of Fullerites Grown with Palladium
Precursors
To characterise these Pd-fullerites and prove palladium is within the fullerites, Pd-fullerites 
is compared against (C6o-r|2)Pd(PPh3)2 and standard fullerites (without Pd exposure).
A study o f FTIR spectra were obtained and are presented in figure 5.5. In the case o f  (C6o- 
r|2)Pd(PPh3) 2 a series o f peaks are observed (-521, 692 and 741 cm '1) corresponding to the 
PPh3 groups. Corresponding peaks at -6 9 2  and 741 cm ' 1 are observed in the Pd-fullerites
with the 521 cm ' 1 peak obscured by the 527 cm "1 peak o f C60. Peaks characteristic o f C60are 
observed in all samples (-527, 576, 1182, and 1429 cm '1) except for (C 60-ri2)Pd(PPh3)2 in
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which the 576 cm'1 peak appears as a small shoulder and the 527 cm'1 peak is obscured by 
the 521 cm'1 PPh3 peak. In the Pd-fullerite and (C6o-r|2)Pd(PPh3)2 spectra additional peaks
are present at -802, 1016, 1101, and 1260 cm'1 which may be due to residual IPA form 
solvent and phosphine in the samples. These results confirm the presence o f PPh3 within the
Pd-fullerite samples but do not provide direct evidence o f palladium attachment to the C6o-
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Figure 5.5 FTIR spectra of C60, fullerites, Pd-fullerites and (C6o-n2)Pd(PPh3) 2
Raman shows direct evidence o f palladium attachment. Figure 5.3 shows the Raman 
spectra o f C6o, standard reference fullerites, Pd-fullerites and (C6o-p2)Pd(PPh3)2. As 
mentioned previously, the (C6o-p2)Pd(PPh3)2 degenerate Hg band 772 cm'1 clearly shows 
splitting caused by the reduction in symmetry o f C6o- In addition, the band 709 cm'1 is 
increased in prominence upon forming a complex. Similar effects can be observed by 
comparing the fullerite and Pd-fullerite spectra in this region. In the case o f the Pd-fullerites 
the relative intensity o f the 709 cm'1 peak is increased with relative intensities. Furthermore, 
a number o f additional peaks, close to the baseline, are observed in the Pd-fullerites -777  
and 745 cm'1 for example.
Inspection o f the Ag(2) mode at 1470 cm'1 shows that the single sharp band is modified as a 
result o f the molecular bonding in the Pd-fullerites, when comparing the FWHM an
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increase is found in Pd-fullerites (5.5) against C6o and the standard fullerites, (4.2 and 4.5, 
respectively.) The broadening o f this band is very similar to that observed in the Raman 
spectrum o f (C6o-Ti2)Pd(PPh3)2 which shows a shoulder located at -1458 cm'1. The observed 
changes in the Pd-fullerite spectrum compared to the standard fullerites and the similarities 
with the changes in Raman spectra between (C6o-p2)Pd(PPh3 ) 2  and C6o indicate that 
palladium is indeed attached to the fullerites grown in the presence o f TTPP. The fact that 
the changes in spectra are small between the Pd-fullerites and standard fullerites is due to 
the small ratio o f Pd complexed C6o to uncomplexed C60 which is expected in the Pd- 
fullerites.
Transition metal complexes have a variety o f colours depending on their environment due 
to its d-level electrons, UV-visible spectroscopy in figure 5.2 allows for investigation o f the 
absorption. It can be seen that the TTPP precursor does not have any intense absorption 
peaks in the visible region appearing a slight yellow colour due to absorption in the blue. 
However the complex formed by these precursors, (C60-r|2)Pd(PPh3)2, appears a strong green 
due to absorption peaks at -600 and -435 nm. Pd-fullerites have n to n* transition o f C6o in 
340 nm and also show similar absorption to TTPP in the longer wavelengths in which there 
is a weak absorption -  600 nm.
The PL spectra o f fullerites and Pd-fullerites are shown in figure 5.6. It was not possible to 
obtain the PL spectrum of (C6o-Tl2)Pd(PPh3)2 due to rapid degradation as a result o f the 
interaction with the energy o f the laser.94 However, the background in the Raman spectrum 
appears to peak at -1600 cm*1, which corresponds to fluorescence peaks at -895 nm for the 
782 nm excitation wavelength used. The emission from fullerites is significantly enhanced 
indicating increased Herzberg-Teller coupling between the *F and 1 Ag vibronic states. 85,46
In the case o f Pd-fullerites, there is a significant red-shift in the position o f the main PL 
peak to -817 nm correlating with the shoulder observed in the PL spectra o f the standard 
fullerites. There is also a shoulder at -910 nm clearly visible in the Pd-fullerites that are 
only weakly seen in the standard fullerites PL spectrum. This shoulder coincides with the 
peak o f the background signal recorded in the Raman spectrum of the (C6o-p2)Pd(PPh3)2 
complex at -895 nm (figure 5.3). The shoulder at -760 nm in the Pd-fullerite PL 
corresponds with a similar weak feature in the fullerite PL spectrum. It is also noticeable 
(through comparison o f the noise level in the data) that the intensity o f the Pd-fullerite PL is 
reduced from that observed in the standard fullerites to a similar level as C6o- These results, 
clearly showing that the emission is strongly affected, imply that the molecular electronic 
and vibronic states are significantly modified in the Pd-fullerites. This again supports the 
conclusion obtained from the Raman studies that palladium is attached to the C6o in these
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materials. It is widely known that intersystem crossing from singlet to triplet states is 
strongly enhanced by the presence o f heavy elements (the heavy atom effect). Such a 
process could explain the reduction in PL intensity through the transfer o f  electrons from 
the ^ ig to  the 3Fig states.
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Fig 5.6 Photoluminescence of fullerites and palladium fullerites
So far spectroscopic techniques show strong evidence to suggest the presence o f Palladium. 
Microscopic technique o f SEM was inconclusive due to the small amount o f palladium 
present. Figure 5.7 shows the TGA data o f the Pd-fullerites against standard reference 
fullerites. Residues o f 4.4 % and 1.2 %, are found after combustion for the Pd-fullerites and 
the reference fullerites, indicating the presence o f additional material. Furthermore, the rate 
o f combustion is observed to be higher for the fullerites grown in the presence o f TTPP in 
the two temperature regimes above and below -4 0 0  °C. It is expected that any 
uncomplexed phosphine, as seen in scheme 5.1, will be slowly oxidized to phosphine oxide 
and by 300 °C is expected to have left the pan. The weight difference at 300 °C between the 
fullerites grown with and without TTPP is approximately 3 %, which is very close to that 
expected based on the weight o f  the two uncomplexed PPh3 groups, supporting this
hypothesis. A t 600 °C the higher residue observed for the palladium-fullerites at 600 °C 
(again -3  %) is expected to result from PdO (mp 750 °C) formed during heating.
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Figure 5.7 TGA of fullerites grown with a 1:19 Pd:C6o (mol) ratio and standard fullerites
To obtain further direct evidence that palladium is present in the fullerites, STEM analysis 
was undertaken. Figures 5.8(a) and (b) show dark and bright field images o f  a fullerite 
grown using a 1:19 Pd:C6o (mol) ratio. Figure 5.8(c) and (d) shows the presence o f  well 
defined highly dispersed point-like features along with much larger (>50 nm) irregular 
shaped clusters. Such large clustering has not previously been observed in fullerites formed 
(without TTPP) using the FLLIP process . 95 It is not clear whether the clusters are on the 
surface or deep within the fullerite due to the density o f carbon compared to metal. Thus, 
electrons penetrate the carbon easily. It is believed that the C6o complex forms on the 
surface and the electron beam degrades the complex forming clusters upon the surface. The 
appearance that the clusters are not in contact is an artefact o f the limited contrast and 
brightness ranges available where the fullerite is at its thickest compared to its thinnest. 
Figure 5.8(c) and (d) show dark and bright field high magnification images o f  a large 
cluster in addition to a number o f the smaller point-like features. These small features vary 
in size from -1 .4  to 5.6 nm with a roughly spherical appearance. The irregular non-smooth 
surface o f the fullerites (compared to previous standard fullerites results) is considered to be 
due to their storage and treatment prior to STEM studies. The fullerites studied here were 
re-dissolved in IPA several times which allowed some C6o molecules to dissolve in solution 
and redeposit on the surface following fullerite growth. Energy Dispersive X-ray (EDX) 
analysis was undertaken to ascertain the composition o f the smaller (<5 nm) features and is 
shown in figure 5.9(a). These features were found to contain palladium, whereas other areas 
did not provide such a signal. This evidence in conjunction with the larger clusters suggest
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that some (C6o-p2)Pd(PPh3) 2 complexes may have decomposed to palladium which then 
clusters. However, it is believed that some (C6o-ri2)Pd(PPh3) 2 complexes still exist. I f  100 % 
o f palladium precursor (TTPP) formed attachment to fullerene there would be a 0.7 wt %.
300nmHD23(
Figure 5.8 Dark (a) and bright (b) field 200K STEM z-contrast image of fullerite grown with 
1:19 Pd:C6o (mol) ratio with 300 nm scale bars and high angle annular dark (c) and bright field 
(d) images of palladium clusters with 50 nm scale bars.
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Figure 5.9 (a) EDX collected with a small beam positioned on a cluster showing the presence of 
palladium ; copper signal originates from the TEM grid and, (b) 31P NMR of palladium  
decorated fullerites showing phosphorus present
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Table 5.2 Summary of 31P NMR peaks showing peak positions of palladium complex
and other possible sources.
Pd-Fullerite (C «rn 2)Pd (P P ll3)2 (Tl2- triphenylphosphine oxide
Ref: 92 C 6o)Pt(PPh3)2 Ref:96
Ref:69
Peak shift 
/ppm
Peak shift/ ppm Peak shift /ppm Peak shift /ppm
20.3 25.4 27.0 26.9-28.6*
23.4 Singlet
26.6
31.1
38.9
Singlet
*Depending on monoclinic or Orthorhombic Crystal structure.
So far it has been proven that palladium clusters exist within the fullerites, to further prove 
that the complex exists as (C6o-Tl2)Pd(PPh3)2 was also present on the fullerites solid state j lP 
NM R was undertaken, figure 5.9(b). Due to the low signal intensity obtained from solid 
state j lP NMR, a cross polarization pulse sequence was used to give as high a signal-to- 
noise ratio as possible, collected over a period o f 8 hours.
For Pd-fullerites, a number o f peaks between 20 and 40 ppm were observed. The most 
intense were at 23.4 and 26.6 ppm, close to the ligated (C6o-n2)Pd(PPh3)2  chemical shift at 
25.4 ppm. Other possibilities for the large number o f peaks include the oxidation o f 
phosphine ligand to triphenylphosphine oxide which would be expected to be present in the 
region o f 26.9 ppm (orthorhombic) and 28.6 ppm (monoclinic). These results demonstrate 
that phosphorous is present within the sample. Due to the closeness o f  peaks we are unable 
to give a full assignment and cannot entirely exclude the possibility o f  other phosphine 
complexes being present.
5.6 Fullerite Functionalisation of
Carbonylchlorobis(triphenylphosphine)iridium(I)
By analogy to the formation o f Pd-fullerites using the palladium precursor TTPP a similar 
iridium complex was studied. It is known that fullerenes react with
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carbonylchlorobis(triphenylphosphine)iridium(I), (Ir(PPh3)2(CO)Cl), in a similar fashion to 
TTPP, as shown in scheme 5.10 to give a 45 % yield o f (C6o ri2)Ir(PPh3)2(CO)Cl97. Unlike 
TTPP which replaces phosphine ligands with rj2 fullerene adduct, Ir(PPh3)2(CO)Cl does not 
exchange ligands but increases its coordination number forming 6 covalent bonds upon 
reaction with C60. Iridium is o f interest as a catalyst as it is also capable o f hydrogenation 
though at a slower rate compared to palladium. It is also o f added interest as the iridium-C6o 
bonding is a reversible reaction and an adduct will only form in favourable conditions.
Scheme 5.10 shows chlorocarbonylbis(triphenylphosphine)iridium(I) forming (C6o-
t]2)IrCl(CO)(PPh3)2
5.6.1 Preparation of Iridium Fullerites
Ir(PPh3)2(CO)Cl is added to the C60 in toluene. The iridium C6o complex has a deep brown 
colour which if  left forms black crystals.98 The fullerite is grown using 950 pi o f 3.6 xlO'3 
moldm*3 of C6o in toluene added to 50 pi o f freshly prepared IrCl(CO)(PPh3)2 precursor at 
3.6 xlO'3 moldm'3. Fullerite growth is initiated with 2 ml propan-2-ol. A Precipitate is 
formed under standard conditions. Due to the reversible nature o f the iridium complex 
coordination to C6o, (C6o-Tl2)IrCl(CO)(PPh3)2 will only form under correct equilibrium 
conditions, coordination and un-coordination occurs continuously adjusting to the most 
favourable state. It can be seen in figure 5.12 that the crystal dimensions increase with 
increasing moles o f iridium per C60, until at the critical point o f greater than 0.03 moles at 
which a size reduction is observed (a similar trend of that with TTPP and fullerite length is 
observed). At lower concentrations it is believed that iridium occupies cavities within the 
fullerites and co-crystallisation occurs modifying the crystal lattice in formation such that 
the phosphine ligands surround the C6o similar to an egg cup. M. M Olmstead et al. 99 as 
shown in figure 5.11, which explains the size increase o f fullerites. After a critical 
concentration, the equilibrium is such that coordination is favoured and it is expected to 
behave similarly to irreversible coordination such as seen in addition o f palladium 
precursor where fullerites show a correlated decrease in length with increased moles o f
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metal. Eventually clusters and elongated spheres are formed at 1:1 molar ratio (see figure 
5.11). 1:19 Iridium fullerites are larger by a factor o f ~2 pm compared to reference 
fullerites and larger by a factor o f 4 compared to 1:19 palladium fullerites.
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Figure 5.11 SEM of fullerite rods grown with (a) 1:19 iridium complex:C60 (mol) ratio and (b) 
standard fullerites, and, (c) Change in length and diameter over increasing iridium content. 
The scale bars in (a) and (b) are 5 pm. Spectrum shows average fullerite diameter and length 
as a function of moles of iridium precursor added (c).
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Figure 5.12 two views of possible co-crystallisation of iridium complexes 99
In order to differentiate between fabrication methods, fullerites exposed to iridium during 
crystallisation will now be labelled as Ir-fullerites.
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Figure 5.13 Histogram to show differences in distribution of lengths between reference,
palladium and iridium fullerites.
In this characterisation section, the only focus will be on the iridium fullerites o f  molar 
ratios o f 1:19, which is found beyond the critical concentration and are the shorter rods. It is 
hypothesised that increase in concentration forces equilibrium to the right in above scheme 
5.11 and forms covalent bonds to the C6o resulting in smaller fullerites. Whilst by adding a 
reduced concentration no C6o adduct occurs and iridium complex forms as a co­
crystallisation and thus an enlargement o f lattice is formed as iridium is incorporated.97 To 
further investigate this FTIR spectra were measured on freshly prepared iridium fullerites
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filtered from solution. The typical four peaks o f C6o are 527, 576, 1182 and 1429 cm '1 and 
could be identified in the iridium fullerites, the iridium precursor also has various peaks in 
this region. A.L. Balch e t al. 98 report that Ir(PPh3)2(CO)Cl in fluorolube® has a carbonyl 
peak at 1953 cm '1, once coordinated with C6othe black precipitate peak is 2014 cm '1, after 
dissociation in dichloromethane the peak is then found at 1965 cm '1. In comparison my 
results can be seen in figure 5.14 which the carbonyl peak is highlighted. Ir(PPh3)2(CO)(Cl) 
has a peak at 1943 cm '1, after coordination with C6o the peak is at 1950 cm '1, both shifts are 
reduced compared to previous publications. Our results o f  Ir(PPh3)2(CO)Cl are from KBr 
pellets without solvents. Fullerite grown with (C6o-Tl2)IrCl(CO)(PPh3)2 shows a carbonyl 
peak at 1960 cm '1 compared to blank fullerites which show no carbonyl peak at all. This is 
a good indication that the iridium complex is present within the fullerite structure.
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Figure 5.14 FTIR spectra of iridium precursor, coordinated iridium complex and iridium
fullerites and standard fullerites
UV-visible spectroscopy o f (C6o-n2)IrCl(CO)(PPh3)2 is simply a superposition o f  the 
spectral features o f C6o and iridium complex and thus not a suitable method as an indication 
o f coordination between iridium complex and C6o- Fullerite with iridium can be seen to 
contain within it (C6o-h2)IrCl(CO)(PPh3)2 peaks, although these are small and can only be 
observed under a log scale. See figure 4.15 for discussion o f UV-vis standard fullerites.
Raman plays an important role in showing the intermolecular bonding. The 772 cm '1 peak 
highlighted in the inserts in figure 5.15 indicates reduction o f symmetry o f C6o by splitting 
o f peak. (C6o-'n2)IrCl(CO)(PPh3)2 has increased FWHM and increased relative intensity
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com pared to standard fullerite. N o splitting is found for iridium fullerites which have 
alm ost relative identical intensities and FW HM s to standard fullerites. The baseline o f  the 
(C 6o-Tl2)IrCl(CO )(PPh3)2  appears to have high signal-to-noise ratio, this was due to difficulty 
in obtaining an intense spectra as (C6o-r|2)IrCl(COXPPh3 )2  degraded w ith the laser. Despite 
this, many o f  the C6o peaks can be found as labelled in the table 5.1.
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Figure 5.15 Raman spectra o f Standard reference fullerites, (C60-n2)IrCl(CO)(PP!i3)2 and
iridium fullerites
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Figure 5.16 shows UV-Vis spectroscopy o f iridium complex, C60 coordinated iridium complex
and iridium fullerites.
TGA shows both iridium fullerites and standard reference fullerites leave 1.2 %  residue. 
Also, there is no loss o f  phosphine for iridium fullerites as previously observed for the TGA 
o f  Pd-fullerites at approxim ately 300 °C. Despite this the spectra are not identical the 
iridium fullerites have a higher rate o f  com bustion com pared to standard fullerites. The 
higher com bustion rate maybe due to the larger lattice and thus m ore oxygen trapped w ithin 
the lattice. N o residue is found, how ever as we are dealing w ith small quantities these 
results m ust be interpreted cautiously as previous Pd-fullerites left 4.4 % w hich is already
close to the detection lim it o f  TGA. If  indeed iridium attachm ent has occurred due to  the 
larger size o f  fullerite then theoretically less size reduction has occurred and thus less
iridium has bonded. Equally, the opposite argum ent may be interpreted and there may be no 
attachment.
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Table 5.1. Summary of Raman peaks of standard reference fullerites, (C60- 
ri2)IrCl(CO)(PPh3)2 and iridium fullerites
(C4„-n2)IrCI(CO)(PPh3)2.Ir-fullerites
standard reference fullerites
6.4 0.710.70 6.7272272 272
0.25 4.6431
442
10.60.07 0.07 9.3433433
0.25 6.7
0.82 0.83 4.4 0.3 9.9496496 492
7.0 0.39715
708
0.02 9.7 0.02 6.8709 710
5.3 0.28
0.13 0.13 5.5 0.21 7.8772772 772
0.04 7.9 0.04 5.41099 1099 1099
0.04 9.4 0.05 8.212471252 1252
16.40.01 0.02 15.8 0.29 16.41425 1422 1425
4.5 4.1 12.11470 1465 1459
0.06 0.06 8.7 0.4 49.41572 1571 1572
Note. Intensities (peak height) are relative to the strongest observed mode.
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Figure 5.17 TGA of standard rods grown with iridium additives
Fullerites with iridium additives have been characterized by HRTEM. Figure 5.18(a) shows 
a TEM image o f a rod, ca. 80 nm in diameter that had been subjected to 10 minutes 
sonication. No breakage or other structural damage can be observed in the TEM image o f 
this sample indicating a significant degree o f stability towards this form from physical 
disturbance. The iridium fullerites are typically more than 200 nm in thickness, even the 
smaller fullerites from the batch are at least 50 nm, it was therefore difficult to obtain high 
quality HRTEM images with reasonable contrast from the solid bodies o f the rods, iridium 
clusters were not found to be present.
Figure 5.18 Dark (a) and bright (b) field 200K STEM z-contrast image of fullerite grown with 
1:19 Ir(PPh3)2(CO)Cl:C6o (mol) ratio with 50 nm scale bar.
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31P NMR also shows similar spectrum to the reference standard fullerite confirming the 
lack o f phosphorous present. Thus the lack o f phosphine or phosphine oxide. This further 
strengthens evidence that peaks o f 31P NMR of Pd-fullerites are not phosphine oxide and is 
part o f the phosphine ligand, as if  this peak is due to unligated phosphine oxide a similar 
peak is expected to be found in iridium fullerites.
5.7 Summary
A  large range o f  instrumentation has been used due to the particularly difficult 
experimental characterisation o f  trace metals in fullerites, quantities such that the 
instruments are working on the boundary o f  detection limits. The synthesis o f  
palladium functionalized fullerites via direct addition o f  TTPP as a precursor during 
fullerite FLIPP growth, offers a low cost route to the development o f  a new group 
o f  highly porous carbon materials. Previously Miyazawa et al. attempted to 
fabricate platinum-complex fullerite in which pre-synthesised (C6o-t|2)Pt(PPh3)2 was 
added directly into the solution from which the fullerites grew. 100 However our 
precursor approach has advantages, which allows fullerites to grow without steric 
hindrance with attachment o f  palladium onto fullerite following growth and does 
not require palladium com plex (C6o-r| )Pd(PPhs)2 to be stored as it is sensitive to 
oxygen.
TTPP was shown to react with C6o producing (C6o-ri2)Pd(PPli3)2 with evidence for its 
incorporation in the obtained fullerites provided by Raman, PL and 31P NMR. This is 
supported by FTIR and TGA data that indicated a weight loss approximately equivalent to 
the two PPh3 groups that would be expected upon the formation o f (C6o-'n2)Pd(PPh3)2.
From the results, it is clear that palladium is within the fullerites. A combination o f the 
HRTEM and EDX shows highly dispersed palladium clusters with cluster sizes -1 .4  - 5.6 
nm within the fullerites, which we propose originate from the degradation o f some o f the 
created (C6o-ri2)Pd(PPh3)2 complexes.
The addition o f TTPP was found to have a direct effect on their morphology with the 
amount added being inversely related to the fullerite length obtained. Variation o f the ratio 
of palladium complex to C6o molecules is employed to control the aspect ratio o f the nano­
structures. A narrow distribution o f length is found. A smaller dependence on fullerite 
diameter was observed which increased with TTPP concentration. Whilst other methods o f
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controlling the dimensions o f fullerites have been reported, this does allow more scope for 
tuning their properties whilst still being able to carry out palladium functionalisation.
FTIR and TGA analysis provides qualitative evidence for the presence o f (C6o-il2)Pd(PPh3)2 
within the fullerites formed during their growth. Raman, PL and solid state 31P NMR 
confirmed the presence o f palladium and phosphorous thus further supporting the presence 
of (C6o-Tl2)Pd(PPh3)2 within the fullerites.
Regarding the iridium complex, these results are less straightforward compared to 
palladium fullerites. Although a change in aspect ratio is observed, it is not in correlation 
with the ratio o f iridium added (as seen in palladium). Once the reversibility o f C6o adduct 
with iridium complex is taken into account a clearer judgement o f mechanism can be 
achieved. 1:19 ratio was used for all characterisation as it was one o f the smaller sized 
fullerites but crucially could be used to directly compare with palladium. Although 1:19 
iridium fullerites were smaller than other ratios in comparison to palladium and standard 
fullerites the iridium fullerites were larger in length. By increasing iridium complex to 1:1 
ratio low yields o f spherical crystals are obtained, this was also found for (C6o-T|2)Pd(PPh3)2. 
This reduction in size strongly suggests that Ir(PPh3)2(CO)Cl is forming attachment to 
fullerites and inhibiting fullerite growth as it behaves similarly to (C6o-Tj2)Pd(PPh3)2 . Such 
small metal cluster features are o f interest due to their large surface area to volume ratio. It 
was seen that 1:1 ratio produced spherical crystals o f ~  0.7-0.8 pm, spheres also have 
reduced surface area and would provide interesting future research into future projects.
Characterisation mostly indicated inconclusive as to covalent iridium attachment. Raman 
not showing a reduction in symmetry by the splitting o f 773 cm'1 peak, HRTEM was not 
able to indicate any metallic clusters (this may have been due to the thickness o f the 
fullerites which are larger than palladium fullerites) and 31P NMR would confirm the 
HRTEM showing no phosphorous in sample. These would all indicate that even if  
attachment occurred it would be in minute amounts beyond the limit o f characterisation of 
instruments used. Despite these observations a change must have occurred as the 
dimensions o f the fullerite differ from standard reference fullerites. This has affected the 
TGA showing that is a faster combustion route, possibly due to differences in the packing 
of rods. The strongest evidence for attachment being FTIR carbonyl peak is shifted to a 
dissociated region
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6 Non-Covalent Attachment of Palladium 
to Fullerites
Different strategies have been adopted to expose palladium to fullerites, both during and 
after crystallisation. Techniques o f incorporation include co-crystallization, 
electrodeposition and n-n stacking of pyrene derivatives. Non-covalent functionalisation 
such as H-bonding, Van der Waals, electrostatic and hydrophobic interactions may also be 
favourable as it does not disrupt or destroy the properties o f the rods.101
6.1 Co-crystallisation of C6o and PdgCln
Pd6Cli2 is a good candidate for co-crystallising with C6o by using the FLLIP method as C60 
and PdeClu are both soluble in toluene, and therefore exposure to palladium is possible 
during fullerite growth. The advantage o f using Pd6Cli2 is the even distribution o f metal 
cluster size within the fullerites, with separation between the palladium atoms indicative 
that no bonding occurs between them. Chlorine atoms are positioned at the edge to bridge 
sites. Pd6Cli2 is a unique compound, with one unit consisting o f an octahedral array o f 6 
palladium and 12 chlorine atoms. Reduction o f palladium may result in many 6 atom 
palladium clusters within the fullerite.
PdeCln is not commercially available and therefore needs to be synthesised from 
benzonitrile and palladium chloride. In a typical experiment 500 mg o f palladium 
dichloride was added to 5 ml o f benzonitrile. After 48 hours at 60 °C, diethylether was 
added to the solution, which is red/orange in colour. Diethylether induces pale yellow  
precipitation but does not chemically react. The precipitate collected was bisbenzonitrile 
palladium (II) dichloride. See figure 6.1 for a schematic o f the synthesis process.
The bisbenzonitrile palladium (II) dichloride crystal was dissolved in toluene before excess 
chloroform was added drop wise. As benzonitrile is an unstable ligand when complexed 
with palladium, it decomposes to aid the synthesis o f Pd6Cli2. After 24 hours at room 
temperature the solution formed PdeCln crystals. The product collected had a percentage 
yield o f 40.5 %.
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PdCL +  2
chloroform60 °C
toluene48 hrs
1/6 P.a
Figure 6.1 Scheme for synthesis of Pd6CIi2
6.1.1 Characterisation of Pd6Cli2
Pd6Cli2 was characterised by analysis o f solubility, UV-Vis, FTIR, SEM and EDX 
spectroscopy. In order to confirm the structure o f  Pc^Cl^ was present, a simple solubility 
test was performed indicating that the product was soluble in toluene. Other forms o f 
palladium chloride such as polymeric species are insoluble in toluene.102
A full characterisation has previously been performed by M. M. Olmstead e t al. 103 The UV 
spectrum o f Pd6Cli2 shown in figure 6.2(a) shows a predominant peak at 361 nm, matching 
published result exactly. FTIR spectroscopy o f Pd^Cln and bisbenzonitrile palladium (II) 
dichloride in KBr reveals the chemical structure. A strong nitrile peak at 2288 cm '1 assigned 
to bisbenzonitrile palladium (II) dichloride is present, whilst in Pd6Cli2 the peak is absent 
(figure 6.2(b)) confirming the change o f palladium species. Furthermore, the aromatic C-H 
stretch 3100-3000 cm '1 is observed in bisbenzonitrile palladium (II) dichloride whilst not in 
Pd6Cl12.
EDX was further used to confirm elements present in the solution being chlorine and 
palladium, with no other dominating peaks. Energies o f Palladium and chlorine have 
overlapping peaks at 2.5 and 2.8 keV. Palladium peaks (X-ray lines) are the following: 2.5 
(Li), 2.8 (La), 2.9 (L|31), 3.1 (Lf32) and 3.3 (L yl) keV and chlorine peaks 2 .6 (K al,2 ) and 
2.8 (K(3) keV were found as indicated in figure 6.2. Intensities o f the peaks show regions o f 
overlap at higher relative intensity, for example the palladium peak at 2.5 keV should have 
a smaller intensity than the 2.8 keV, however this is not the case due to chlorine peak at 2.6 
keV.
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Figure 6.2(a) UV-vis of Pd6Cli2, (b) FTIR of Pd6Cli2in black and in bisbenzonitrile 
palladium(II) dichloride in red, and, (c) EDX of Pd6CIi2.
6.1.2 Fullerites: Co-crystallised Pd6Cli2
Solutions with molar ratios o f 1:1, 1:2, 1:10 and 1:30 o f  C6o and PdeCl^ were prepared. 
Solutions were forced into precipitation by IPA. Precipitation did not occur at the bottom  o f 
the vial instantly, but over 5-10 minutes. Samples were then taken at timed intervals and the 
progress o f growth was examined under an SEM.
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Figure 6.3 S EM im ages of fullerites co-crystallised with Pc^Cl^, (a) ratio 1:1 after 10 minutes 
x25000, (b) ratio 1:2 after 24 hours x5 000, (c) ratio 1:10 after 10 m inutes, xlO 000, and, (d)
ratio 1:30 after 10 minutes, xlO 000.
A t high concentrations o f  P d6C li2 (1:1), th e  m ajority  o f  crystallised  m aterial fo rm ed  is in 
irregular shapes. Rods too can be found in this m ix, but in com parison to  standard  fullerites, 
the Pd6C l12 fullerites form ed have a rough tex tured  surface. It is particularly  noticeable tha t 
the m orphology has changed  with th e  ends o f  fullerites no longer being hexagonal but 
square. The dim ensions o f  the rods vary  greatly in length and diam eter. These fullerites not 
only take longer to  form  (m inutes ra ther than  seconds), a fte r 2 hours am ongst the fu llerites 
an  am orphous film  is also observed. T here is a disruption in the  crystallisation  p rocess and 
a fte r ~2 w eeks in solvent, the fu llerites com pletely disin tegrate into an am orphous film , as 
show n in figure 6.4.
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Figure 6.4 SEM image o f  Amorphous layer appears 2 weeks after crystallisation with
ratio 1:1.
O n decreasing the concentration o f  Pd6C l,2 to  a  1:2 m olar ratio, the fullerites becom e 
hexagonal rods sim ilar to standard  fullerites, although secondary  grow ths and defects 
com m only appear. A gain a porous am orphous film  appears afte r -  2 hours.
For fullerites o f  molar ratios o f  1:10 and 1:30, both  form  irregular unpredictable shapes 
w hich range from  slabs to  clusters.
The reasons for the degradation is unclear, but it has been  suggested  tha t the P d 6C li2 cluster 
can  degrade under the influence o f  strong donors. A s there  is no covalent bonding p resen t 
be tw een  the C60 and Pd^C ln it can  be assum ed that these  rods are unstable and  not 
energetically  favourable. A s a  result simple rearrangem ent would occur in a solvent. P recise  
tim ing is required  in filtering fu llerites before degradation occurs.
6.2 Electrochemical Deposition
Electrochem ical deposition  is an  extrem ely versatile technique allow ing any conductive 
m aterial to  be an  electrode for deposition, e.g. conductive polym ers and a lloys.104 It is a 
valuable tool in nano-technology, allow ing strict contro l o f  nano-layer deposition o f  m etals 
through control o f  voltage, tim e and electrolyte concentration. The focus o f  this section  is the 
deposition o f  m etal onto already form ed fullerites.
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6.2.1 Palladium Deposition on Fullerites
The first set o f depositions (I-II) introduced fullerites as part o f a potassium 
tetrachloropalladate(II) (K2PdCl4) electrolyte. The second set o f  depositions (III-V) 
consisted o f reference fullerites drop cast upon the cathode.
Table 6.1 Summary of electrochemical deposition of palladium with fullerites.
Exp. Cathode Anode Voltage
(V)
Time (s) Electrolyte (Moldin'3)
I Ni plate Pt
wire
0.1, 0.2, 
0.5, 1, 10
30 0.1 K2PdCl4 + fullerites
II Ni plate Pt
wire
1 10,30, 
60, 90, 
120
0.1 K2PdCl4+fullerites
III Ni plate + 
Fullerites thin
Pt
wire
0.1 5, 10 0.1 K2PdCl4
IV Ni plate + 
Fullerites 
thick
Pt
wire
0.1 5, 10 0.01 K2PdCl4
V Ni plate + 
Fullerites 
thick
Pt
wire
1 60 0.1 K2PdCl4
To investigate the variations in cluster deposition size o f  palladium, conditions were 
systematically varied and the resultant growth was examined. The first set o f 
electrochemical depositions had fullerites suspended in the electrolyte. No fullerites were 
found to be deposited either o f the electrodes. Palladium deposited on both the anode and 
the cathode, SEM images o f these are found in figure 6.5. On the cathode a black deposit 
was found, which was confirmed by EDX spectroscopy to be metal palladium without other 
elements present. An orange octahedral deposit appeared on the anode. The distinct colour 
indicted only two feasible structures; polymeric and ionic with counter ion o f  potassium or 
hydrogen.105 Polymeric palladium chloride is insoluble in water, thus was confirmed not be 
the deposit. Absence o f any potassium during EDX analysis eliminated ionic structure with 
potassium (K2PdCl4). Thus deposition was H2PdCl4, this was further confirmed by acidity 
o f dissolved deposit having a pH o f 2.
Electrode equations are:
At the anode (+)
PdCt~ +H20 - t  H2PdClA + | 0 2 +2e~
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A t the cathode (-)
PdCl1;  + 2e~ -> Pd° + 4CP
G enerally  palladium  deposits w ere  observed  to  increase in cluster size w ith increased  applied 
voltage as m ight be expected . Equally, increasing deposition  tim e p roduced  larger clusters. 
The deposition o f  in terest w as on the cathode.
Figure 6.5: SEM images o f  deposition upon platinum anode a) and nickel cathode b) in
Exp. I
For the second se t o f  electrodepositions, pallad ium  is deposited  onto  the cathode w hich has 
previous \y had fu llerites drop cast to it. T here is an  absence o f  deposition upon fullerites, this 
could be due to  palladium  depositing upon a reas  w ith h ighest e lectron  density  (n ick e l plate), 
it is also possible tha t the fullerites are insulating. Figure 6.6 show s deposition o f  palladium  
w hich appears as spheres. U nder higher voltages and w ith th ick er fullerite film s, palladium  
can  be forced to deposit upon fullerites but this directly  sacrifices contro l o f  the cluster size. 
In figure 6.7 all e lem ental m apping o f  palladium  deposited onto fullerites is show n via an  
E D X  spectrum . The low er energy represents carbon  w hich is red, w hilst the h igher energy 
represents m etals o f  palladium  (green) and nickel (b lue). Visually, it is observed  th a t there  is 
a  thin layer o f  p allad ium  deposited on fullerite as the region looks darker. E D X  show s the 
m ajority  o f  sam ple still appears to be carbon in terdispersed with regions o f  palladium . 
D istributions o f  the palladium  can  be found in regions c lo sest to the nickel p late. N ickel is 
not seen  as it is thickly  covered  by fullerites and palladium .
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Figure 6 .6 : SEM image of nickel-fullerite cathode with deposition of palladium clusters
(Exp. III).
:ull Scale 950 cts Cursor: 0.000 keV
Figure 6.7 EDX and elemental mapping of nickel-fullerite cathode, red representing carbon
and green representing palladium.
6.3 Pyrene
Poly aromatic hydrocarbons have been previously immobilized onto the surface o f carbon 
nanotubes. Pyrene particularly showed n-n  stacking for side-wall functionalisation. 106 
These modified MW NTs display modified characteristics (e.g. solubility in a variety o f 
organic solvents) as a direct consequence o f the pyrene attachments. 107 As a result this 
shows potential as a non-destructive strategy for the non-covalent side-wall 
functionalisation o f  fullerites by pyrene groups.
Two different pyrenes, (1-Pyrenemethanol and 1-Pyrenemethylamine) were introduced 
during FLLIP synthesis.
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The introduction of pyrene during the FLLIP process is unique compared to previous co­
crystallisation experiments as it is soluble in the alcohol phase and slightly soluble in the 
toluene phase. Previous co-crystallisation work described above has always used 
compounds that dissolve in the same phase as the C6o- It is expected that instead o f co­
crystallisation, a surface coating may be achieved using this process.
1-Pyrenemethanol and 1-Pyrenemethylamine, figure 6.8, were both dissolved in IPA to 
yield solutions o f 0.3 wt%. In a typical experiment, 0.1 ml (0.2 mgml'1) o f pyrene 
compound was added drop wise into 1.9 ml IPA, which then was added to 1.0 ml o f  0.3 
wt% C6o at a desired rate controlled by a syringe pump.
6.3.1 Evidence of Pyrene Attachment
Due to the partial solubility o f  pyrenemethylamine and 1-Pyrenemethanol with toluene, 
modification o f the fullerite morphology was not expected. However, under investigation 
by SEM a decrease in the fullerite length is apparent for both pyrenes compared to standard 
fullerite rods as illustrated in figure 6.9. 1-Pyrenemethanol shows greater size reduction 
than 1-Pyrenemethylamine. The reference standard fullerite length (0 moles o f pyrene) is 
represented as green line. Increasing concentration o f pyrene with respect to C6o does not 
reduce the crystal dimension for either pyrenes. It is difficult to predict the effects of 
“impurities” within a crystallisation system. It does not appear however that pyrene within 
the system significantly effects nucleation as typical hexagonal cross-sections can be found 
under SEM examination o f the fullerites.
O h
Figure 6.8:1-Pyrenemethanol (left) and 1-Pyrenemethylamine (right)
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Figure 6.9 Spectrum showing average fullerite length as a function of moles of
1-Pyrenemethanol and 1-Pyrenemethylamine added.
FTIR spectroscopy was used to characterise the distinct chemical bonding resulting from 
any pyrene present following fullerite growth. The FTIR spectra indicate the presence o f  
the pyrene species following growth as shown in figure 6.10.
1 -Pyrenemethanol contains within its structure an O-H stretching peak was shown in figure 
6.10. This is typically found around 3700-3584 cm '1 but due to hydrogen bonding to 
adjacent molecules, the OH peak has shifted to a lower frequency o f  3550-3200 cm '1. 1- 
Pyrenemethylamine contains within its structure a distinct N-H bond at 3500-3400 cm '1 
which is clearly visible in the FTIR spectrum. Other characteristic peaks are observed 
including the C-H stretch aromatic mode (3100-3000 cm '1) and C-H methylene stretch 
(2980-2840 cm '1) are found. In the fingerprint region the O-H bending is expected at 1209 
cm '1 and C -0  stretch is 1023 cm '1 for primary alcohols, whilst C-N stretching vibrations at 
1250-1020 cm '1 and N-H bond bending at 1650-1580 cm '1 should be seen for am ine.108 The 
spectra shown are in broad agreement with these predicted peaks.
In the spectra o f fullerites with pyrene, the four peaks o f C6o at 527, 576, 1182 and 1429 
cm '1 can be observed amongst the fingerprint region in addition to numerous other peaks 
not related to C6o- We are unable to distinguish any pyrene peaks from the pyrene fullerites
1 -Pyrenemethylamine  
1-pyrenemethanol
I
t— i i 111111--------1— i i 111111------- 1— i i 11 m y
0.01 0.1 1 
Moles of pyrene
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this is due to the small quantities o f pyrene present in side wall attachment. In the region o f 
3000-4000 cm '1 for fullerites with pyrene a solvent peak o f 3400 cm '1 from IPA, dominates 
the spectra and is difficult to remove even with vacuum filtration and storage in a 
desiccator. It is interesting to note that this is unlike the standard reference fullerites 
discussed in chapter 4 which shows very little solvents incorporated within the crystals.
Fullerite with p yren em eth y lap iin e  
P yren em eth y lam in e
H
O-H
Fullerite with p yren em eth an o l  
P yren em eth a n o l
4000 3000 2000 1000
W a v en u m b er  (cm '1)
Figure 6.10 FTIR Spectra of a) Pyrenemethylamine against Pyrenemethylamine fullerites and, 
b) pyrenemethanol against pyrenemethanol fullerites.
The UV-vis absorption shown in figure 6.11 reveals 8 major vibronic bands for 1- 
Pyrenemethanol and 6 for 1-Pyrenemethylamine. Fullerites grown with pyrene display 
characteristics absorbance from both fullerite and pyrene. The preparation method is such 
that fullerites grown with pyrene derivatives are filtered and washed with IPA so that 
excess pyrene is removed. For the UV-vis measurement the fullerites are placed back into 
solvent as absorption o f dry fullerites showed intense scattering. It is believed that at this 
point pyrene is detached from the fullerite. Due to the nature o f the suspension the 
absorption is arbitrary so cannot be used directly for concentration calculations. The uv-vis 
absorptions data is summarised in table 6.2.
Using this data PL measurements were obtained at an excitation wavelength o f 341 nm 
corresponding to a direct excitation o f the pyrene. Figure 6.12, displays the PL spectrum for
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both pyrenes. In both PL spectra emission doublets characteristic o f pyrene are found -416  
and -3 9 6  nm with a shoulder at -3 7 7  nm. The PLE from 416 and 396 nm were taken and 
shown in figure 6.12 a) and b) there is little difference between the PLE spectra collected at 
the two wavelengths. In figure 6.12 b) and d) the PL o f pyrene shows doublet at -4 1 6  and 
396nm. The comparison o f PLE shows there are differences in the excitation spectra 
between pyrene with and without fullerites. Although the intensity is arbitrary due to the 
nature o f the suspension, nevertheless it can be seen that relative peak intensities have 
changed significantly. The n-n  stacking between fullerites and pyrene may have caused 
quenching and thus reducing the in tensity .109
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Figure 6 .11  UV-vis sp ectroscop y  spectra for fu llerites w ith pyrene (a) 1 -P yrenem eth anol
and , (b) 1-P yrenem ethylam ine
Table 6 .2  Sum m ary o f absorption from  uv-vis o f pyrene w ith  and w ith o u t fu llerites
Fullerite
Peaks
/n m
1-
Pyrenemethanol
/n m
1-
Pyrenemethanol
with
fullerite/nm
1-
Pyrenemethylamine
/n m
1-
Pyrenemethylamine 
With fullerite /n m
256 233 256 242 232
242 233 242
255 264 256
264 275 275
275
328 312 328 327 326
325 341 341
342
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Figure 6 .12  PL & PLE for pyrene (a) 1 -P yrenem ethanol and (b) 1-P yrenem eth ylam ine (c) Fullerite  
w ith 1-P yrenem ethanol and (d) Fullerite w ith  1-P yrenem ethylam ine
6.3.2 Deposition of Charged Fullerites
To obtain the highest possible packing density with surface area, not only good control o f 
the morphology is required, but it would be favourable to perform fullerite alignment. To 
investigate the possibilities o f alignment electrostatic layer by layer deposition (LbL) was 
performed using a NIM A dip coating. LbL builds up solid particles on solid substrates, 
where the adsorption o f  solid particle is carried out at high concentration by electrostatic 
interactions.
Glass slides were cleaned under 3 stage cleaning (sonication o f toluene, acetone and 
methanol), which were then systematically exposed to charged polymers. Between each 
polymer the slide was washed via two DI water dips. Cationic polymer Poly(ethyleneimine) 
PEI Mw = 25,000 and the anionic polymer poly(acrylic acid) PAA Mw = 4,000,000 were 
purchased from Sigma-Aldrich. The pH o f the solutions were closely monitored and
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adjusted by NaOH and HC1. Fullerite solution were in DI water at pH7, PEI pH 4 and PAA 
pH 8.
Figure 6.13 Poly(ethyleneimine) PEI (left) and poly(acrylic acid) PAA (right)
Initial attempts o f fullerite alignment using the following sequences were examined:
a) PAA, Fullerite, PAA, Fullerite, PAA, Fullerite,
b) PEI, PAA, PEI, Fullerite, PAA, PEI, Fullerite, PAA, PEI, Fullerite, and,
c) PEI, Fullerite, PEI, Fullerite, PEI, Fullerite; was attempted.
Sequence a) showed no deposition o f fullerites but deposition o f small clusters o f debris 
which is possibly associated with contamination or dust. PAA is negatively charged and the 
fullerites may also be negatively charged repelling against PAA on glass slide. For 
sequence b) the majority o f the slides were fullerite free, clusters o f fullerite deposition are 
noted in small regions o f the slide. High dispersion o f deposited fullerites were found, such 
that most fullerites were isolated from each other. This is an improvement to drop casting, 
which forms large cluster o f which the fullerites are densely packed and dispersion is 
difficult. Sequence c) shows similar deposition to sequence b) where certain regions are 
rich in deposition. In figure 6.14 a high magnification o f fullerite rich region o f deposition 
is shown. The fullerites in sequence c) appear to have some directional alignment compared 
against sequence a) and b).
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Figure 6.14 shows SEM  im ages of standard fullerite deposition at cycle A (x l30), cycle B (x l30)
and cycle C (xlOOO)
In the D I w a te r phase the m ajority o f  fullerites can  be found as a layer floating on  top. A fte r 
sonication, a  time lim it rem ains for deposition o f  fullerites before dispersion is reduced. 
U pon entering the fullerite phase  it can  be observed that fullerites are  repelled from  the glass 
slide. It is upon the  w ithdraw al o f  the slide that deposition occurs.
B y adding pyrene to  fullerite w alls and carefu l control o f  pH , it is hoped th a t an  
im provem ent o f  the fullerite deposition w ould occur throughout the slide and not ju st in 
clustered regions. Theoretically, pyrene can be charged by adjusting pH  o f  solution as the 
products show n in schem atic 6.13. P yrene fullerites w ere  m ade as previously sta ted  w ith  0.1 
ml o f  pyrene com pound, 1.0 m l o f  0.3 w t%  C 6o and 1.9 ml IPA .
P yrene fullerite rod alignm ents w ere run under sequences of:
d) PE I, Fullerite, P A A , PEI, Fullerite (Fullerite = pH 7 fullerite with pyrenem ethanol)
e) PEI, Fullerite, P A A , PEI, Fullerite (Fullerite =  pH 8 fullerite w ith pyrenem ethanol)
f) PA A , Fullerite, PE I, PA A , Fullerite (Fullerite = pH 7 fullerite with 
pyrenem ethylam ine)
g) PA A , Fullerite, PE I, PA A , Fullerite (Fullerite =  pH 5 fullerite with 
pyrenem ethy lam ine)
Scheme 6.15 A possible m echanism  for pyrene anchorage to fullerite.
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g) PAA, Fullerite, PEI, PAA, Fullerite (Fullerite = pH 5 fullerite with 
pyrenemethylamine)
In table 6.2 the deposition layer is o f pyrene fullerites at magnification x5. For comparison 
standard fullerites at cycle C is also shown. For pyrenemethanol fullerites at pH 7, cycle d) 
when compared to standard fullerite deposition, there is good dispersion and deposition 
throughout the slide. There are small clustered regions with large quantities o f fullerites 
(seen as dark areas). For pyrenemethylamine at pH 7, cycle f) coverage was high, but less 
dispersed compared to pyrenemethanol. The microscope images were analysed using SPIP 
5.0 (Scanning probe image processor) programme, which the percentage o f coverage is 
calculated. All fullerites with pyrene showed a reduction in the darker regions o f deposition 
when compared to standard fullerites. This is believed to be due to improved dispersion 
with pyrene resulting in less bundled deposition and less dark regions, thus SPIP 
programme is unable to register these regions as coverage. No alignment was observed in 
any pyrene-fullerite deposition sample.
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Table 6.2: Optical microscope images of deposition o f  fullerites onto glass slides at magnification
of x5.
Fullerite type
Standard fullerites cycle C, 
pH 7, coverage 7.08%
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6.4 Summary
In this chapter three different non-covalent fullerite modification methods have been 
attempted with varying degrees o f success. Exposure to Pd6Cli2 during growth forms 
fullerites with a high degree o f palladium co-crystallisation shown by prominent peaks 
under EDX spectroscopy analysis. Low yields o f fullerites were observed, which were 
irregular in size and shape. The fullerites were no longer hexagonal but had square edges, 
with many defects on their walls. The stability o f these fullerites is short and requires 
careful storage. Generally, after 2 hours in solution, the fullerites disintegrated and become 
a layer/film. The main disadvantage o f this method is the low yield o f both co-crystallised 
fullerites and Pc^Cl^.
Electrodeposition is a well developed technique for deposition o f small metal particles onto 
various substrates. Previous studies reported by G.E. Thompson et al. showed that they 
successfully deposited different metal segments within nano-channels forming “nano­
barcodes”.110 Such control of deposition would be ideal for small metal particles onto 
carbon materials. Fullerites sonicated and dispersed within an electrolyte showed no effect 
under the application of an electric field (potential). SEM images confirmed this result 
under a variety o f conditions each failing to yield any fullerite deposition. Trials using Ni 
electrodes pre-coated with fullerites via drop casting also did not allow for palladium 
deposits onto fullerites. This was due to the higher electrical potential o f nickel regions 
compared to the fullerites thus giving preferential deposition on the Ni. It can be clearly 
seen that regions without fullerites show high densities o f palladium clusters, with no 
visible clusters upon fullerites. Efforts to overcome this through the use o f higher-density 
fullerite coatings resulted in uneven palladium distributions. Although this method was 
good for metal coverage onto fullerites, it was difficult to form small dispersed clusters. 
Thus, this was not an ideal method for palladium attachment.
Pyrene attachment was attempted via n-n stacking between aromatic carbon structures and 
fullerite walls.
It was found that unlike covalent palladium complexes, pyrene did reduce the fullerite 
length with even minute quantities. However, increasing the pyrene concentration did not 
reduce the length any further and thus changing the concentration ratio o f the pyrene to C6o 
molecules could not be employed to control dimensions o f fullerite. Introduction o f 1- 
Pyrenemethanol showed a greater size reduction than 1-Pyrenemethylamine. This is likely 
to be linked to solubility. 1-Pyrenemethylamine is only slightly soluble in toluene and IPA
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whilst 1-Pyrenemethanol is soluble in IPA and slightly soluble in toluene and thus has more 
potential for interaction. Spectroscopic techniques such as FTIR spectroscopy were limited 
by their detection limit with possible pyrene peaks being found within the baseline but of 
similar intensity to the spectral noise. A prominent IPA peak appeared in both pyrene 
fullerite samples, which was still prominent after 24 hours in vacuum at room temperature. 
This was interesting as comparison to standard fullerites did not show the same dominance 
o f the IPA peak.
Pyrene is a well studied molecule which has been proven to attach to similar carbon such as 
graphite and carbon nanotubes. Pyrene fullerites are shorter and have a higher dispersion 
than standard fullerites. Thus these were used for LbL layering and alignment techniques. It 
was found that at pH 7, fullerites with 1-Pyrenemethanol showed excellent dispersion 
forming a single fullerite layer. Fullerites with 1-Pyrenemethylamine at pH 7 showed 
similar deposition as standard fullerites.
LbL has potential for applications requiring isolation o f fullerites, such as organic devices 
or sensors. Also, the high dispersion may be advantageous for high surface area catalysts.
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7 Palladium-Fullerite as a Catalyst
7.1 Introduction
The carbon-palladium materials studied in the previous chapters are shown to be active and 
able to serve a practical purpose as demonstrated by their catalytic effect. The morphology 
and nano-structure o f carbon fullerite supports are considered to be the key factor in 
obtaining high dispersions o f these nano-particle catalysts. Specifically, the catalyst 
materials were evaluated by performing hydrogenation o f 1-ethynyl-l-cyclohexanol. 
Additionally, Pd-fullerites were explored as active catalysts for growth o f carbon nanotubes 
under CVD conditions.
7.2 Catalyst: Hydrogenation
Fullerites with palladium:C60 ratio o f 1:19 (Pd:C60) are o f interest for the creation o f arrays 
or random distributions o f nano-metre sized palladium particles on surfaces. Due to the 
high porosity o f fullerite, combined with the even distribution and controlled size o f  
palladium clusters (compared to much larger palladium particles often used in catalytic 
reactions), these fullerites have much potential as catalysts. To demonstrate catalytic 
behaviour o f the palladium-functionalized material, the hydrogenation o f 1-ethynyl-l- 
cyclohexanol (1) has been attempted with a varying degree o f success. In the literature, 
Sulman et a l.111 showed that (C6o-ft2)Pd(PPh3)2 was 99 % selective in hydrogenating 
acetylenic alcohols under a homogenous system, thus ensuring minimal by-products. 
Homogeneous systems have the disadvantage o f being difficult to separate from the 
product. Catalyst grafted onto solid carbon supports although technically heterogeneous 
should retain its reactivity. A similar catalytic reaction using a heterogeneous system is 
achieved with Pd-fullerites to hydrogenate 1-ethynyl-l-cyclohexanol to 1-vinyl-1- 
cyclohexanol with by-product o f 1-ethyl-cyclohexanol, as shown in scheme 7.1.
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Figure 7.1: Hydrogenation reaction of (1) 1-ethynyl-l-cyclohexanol to (2) 1-vinyl-l- 
cyclohexanol, and, (3) l-ethyl-cyclohexanol.
7.2.1 Sample Preparation and Experimental
A 100 ml glass reactor was flushed with H2 for 10 minutes and sealed with 6 mg o f Pd- 
fiillerite catalyst. The vessel was left for 60 minutes and then flushed with hydrogen again 
for 10 minutes prior to 0.41 g o f 1-ethynyl-l-cyclohexanol dissolved in 5 ml o f propan-2-ol 
being added to the reactor via a septum. The mixture was stirred at 60 rpm at room 
temperature throughout the reaction. Analytical samples o f 0.2 ml were removed after 1, 2 
and 24 hours. Following sampling the reactor was flushed to replenish the supply o f 
hydrogen gas for 10 minutes. The 0.2 ml product samples were dried to remove the IPA 
solvent prior to being redissolved in deuterated chloroform and analysed by NMR 
spectroscopy. In a similar manner, samples were also redissolved in dichloromethane 
(DCM) and analysed using GC-MS.
7.3 Results and Discussion
7.3.1 Analysis of the starting material 1-ethynyl-l-cyclohexanol
Figure 7.2 (a) shows the GC spectrum with a single peak at a retention time o f  5.36 
minutes indicating the presence o f  only one compound, verifying the purity o f  the 
starting material, 1-ethynyl-l-cyclohexanol. The NM R spectra o f  1-ethynyl-l- 
cyclohexanol, figure 7.2 (c), shows the absence o f  peaks associated with alkene 
groups situated in the chemical shift region o f  4.5 to 7 ppm. The singlets that are 
observed in this region are assigned to solvent peaks o f  deuterated chloroform, 
dichloromethane and IPA (7.26, 5.3 and 1.2 ppm respectively). The peaks that are 
assigned to 1-ethynyl-l-cyclohexanol reactant are as follows: singlet at 2.5 for the 
terminating hydrogen o f  alkyne, singlet at 2.0 for the hydrogen from OH group and 
a multiplet at ~ 1 .8-2.0 for the hydrogens on the 6 carbon ring.
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Figure 7.2: The composition of 1-ethynyl-l-cyclohexanol analysed using a) Gas 
Chromatography, b) Mass Spectroscopy and, c) 1H NMR.
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7.3.2 Pd-fullerite as a catalyst for hydrogenation
!H NM R is also used to analyse the reactants and products, and obtain evidence for 
hydrogenation o f  1-ethynyl-l-cyclohexanol under hydrogen ambient at room  
temperature. Over the course o f  the reaction subsequent to hydrogenation, alkene 
peaks are detected (4.5-6.5 ppm). A s w ell as the identification o f  the present 
compounds, !H NM R analysis is also able to quantify the conversion o f  compounds 
based on the relative change in their NM R signal strength.
x10
a.
alkene
CL
LJl JJ
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Figure 7.3:1H NMR showing the emergence of l-vinyl-l-cyclohexanol under Pd-fullerite (1:19) 
catalyst after 72 hours of sealing under a H2 atmosphere.
6 mg of Pd-fullerites synthesized with a 1:19 Pd:C6o ratio (assuming 100 % efficiency in 
loading) corresponds to 4.19 x l0 ‘7 moles o f palladium. In comparison to previous studies 
by Sulman et al. using a homogeneous catalyst o f (C6o-r|2)Pd(PPli3)2 equivalent o f  
6.69 xlO'6 moles (30 ml o f 0.3 g/1), the experiment undertaken represents an increase in the 
quantity o f palladium that was used. Furthermore, Sulman et a l undertook their reaction 
under more favourable conditions with an elevated temperature (60 °C), continuous flow of 
hydrogen and continuous shaking (900 shakes per minute). In their reaction 80 % 
conversion o f alkynes to alkene (3,7-dimethyl-octene-6-yne-l-ol-3 to 3,7-dimethyl- 
octadiene-l,6-ol-3) was demonstrated after 5 hours.111 Direct comparison between the 
reaction o f Sulman and that described above using Pd-fullerites is not possible, due to 
differences in conditions utilised, the less favourable process explored by us should result 
in a lower conversion, however our catalyst has the advantage o f easy separation from 
products. Alkyne:alkene ratio o f —9:1 after 72 hours is observed for our catalyst, which
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corresponds to a total conversion o f approximately 11%. Figure 7.4 shows the conversion 
as a function o f time.
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Figure 7.4: Pd-fullerite conversion of 1-ethynyl-l-cyclohexanol to 1-vinyl-l-cyclohexanol as a
function of time.
7.3.3 Pd-fullerites compared to other materials as catalyst
This series o f heterogeneous catalysts studied include Pd-fullerites (1:19 Pd:C6o fullerites), 
palladium-on-carbon support (Sigma Aldrich), Ir-fullerites (1:19 Ir:C60 fullerites) and Pd- 
electrodes. For the purpose o f differentiating the samples, the electrodeposited Pd onto 
sample will be referred to as Pd-electrode, It should be noted that graphite sheets replace 
nickel plates to avoid any catalytic effects o f nickel. Details o f how each material was 
fabricated can be found in Chapters 5 and 6. In order to allow a direct comparison between 
catalysts, the % loading, particle size and % conversion at 24 hours for each catalyst are 
listed in the Table 7.1.
The palladium is crucial for hydrogenation as confirmed by the lack o f conversion when 
standard fullerites were used as a catalyst, as shown in figure 7.5 (a). It was found that the 
palladium-on-carbon catalyst did not produce high yields o f 1-vinyl-l-cyclohexanol. When 
examining the !H NMR spectrum, the singlet at 2.39 ppm terminating hydrogen o f the 
alkyne which is a feature o f the starting material (1-ethynyl-l-cyclohexanol), has reduced 
significantly in intensity. The conversion by hydrogenation into an alkane is shown. The 
alkane forms a triplet at 0.94 ppm which clearly protrudes figure 7.5 (c).
Time (hours)
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At 24 hours the 1:19 Pd-fullerites leads to significantly lower overall conversion compared 
to palladium-on-carbon with a total conversion o f 8 % and 100 %, respectively. The % 
loading o f  palladium metal for both catalysts have very similar amounts o f palladium. The 
difference being the particle size with palladium-on-carbon being a x3000 magnitude 
greater. In the reactions that occur, the compounds are adsorbed onto the catalyst surface, 
which then migrate and products are desorbed. It is known that palladium-on-carbon has 
greater reactivity due to greater cluster sizes. Smaller cluster sizes are more reactive at 
lower temperatures. Catalytic activity can be found to be dependent on nature o f matrix and 
metal content.112 It can be found that 1:19 Pd-fullerites are 100 % selective only producing 
1-vinyl-l-cyclohexanol, whilst palladium-on-carbon is 100 % selective only producing 1- 
ethyl-cyclohexanol. Comparing the catalytic activity, it is clear that Pd-fullerite has lower 
catalytic activity. Given long enough time the Pd-fullerite will not fully hydrogenate 1- 
ethynyl-1-cyclohexanol into 1-ethyl-cyclohexanol due to steric hinderence o f the (C6o- 
ri2)Pd(PPh3)2 complex. Thus the Pd-fullerites are 100 % selective in product.
Table 7.1 Summary of material used for hydrogenation and their percentage conversion.
Catalyst Loading
wt%
Particle
size
%
Conversion 
1-vinyl-l- 
cyclohexanol 
after 24 
hours
% Conversion 
1-ethyl- 
cyclohexanol 
after 24 hours
Standard reference Fullerite 0 n/a 0 0
6 mg of 1:19 Pd-fullerites 0.7 ~ 5 n m 8 0
0.5 mg Palladium on carbon 
(Sigma-Aldrich)
10 average 
particle size 
~15 pm.
0 100
6 mg of 1:19 Ir-fullerites 1.3 Not found 
in TEM
0.46 0.29
Pd-electrode (6 mg fullerite) ~1 -0 .4  pm 2.22 59.
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Figure 7.5: JH NMR after 24 hours sealed under a H2 atmosphere with a) a standard reference 
fullerite, b) a Pd-electrode c) Palladium-on-carbon, and, d) Ir-fullerites.
At 24 hours, 1:19 iridium fullerite catalyst is the least selective as showing both alkene 
(4.5-6.5 ppm) and alkyne (0.94 ppm) being present in the analysed products. The %  o f total 
conversion was less than 1 %. It is assumed that all iridium complex added to the system 
during FLLIP growth is within the fullerites, this is clearly not the case (due to 
reversibility), this could be a factor o f low conversion. Generally iridium is known to have 
slower catalytic conversion than palladium, due to the difference in catalytic activity
towards hydrogen 1 1 3 ,1 1 4 Crucially, the results indicate that iridium must be present as
hydrogenation has occurred. If  the iridium remains attached as (C6o-rf)Ir(PPh3)2(CO)Cl 
complex, the iridium is already coordinatively saturated and no longer able to perform 
oxidative addition, thus no hydrogenation is expected. During characterisation via TEM no
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iridium clusters were observed, so any iridium clusters present must be smaller than the 
resolution o f the TEM, -0 .1 9  nm.
Electrodeposition o f palladium onto fullerites was achieved by drop casting 6 mg of 
standard fullerites onto a graphite sheet. The prepared substrate was weighed prior to 
electrodeposition being undertaken at 1 V for 1 minute in a 0.1 moldm'3 K2PdCl4 solution. 
Following electrodeposition, the prepared substrate was reweighed prior to being used as a 
catalyst. The electrodeposited palladium catalyst had a loading -1  %, with second highest 
total conversion. It can be observed that it has the second largest particle size and this may 
be the stronger influencing factor, as palladium is easily accessible to reactants. The Pd 
electrode produces both products o f 1-vinyl-l-cyclohexanol and 1-ethyl-cyclohexanol.
7.4 Catalyst: CVD growth
Pd-fullerites were placed in a CVD chamber to investigate their use as a catalyst for carbon 
nanotube (CNT) growth. Not only does this provide a novel method to investigate the 
palladium catalytic activity but also allows for the growth o f fullerite-CNT hybrids. The 
basic properties o f impregnated catalyst are found to be strongly affected by the 
impregnation method, the microstructure, the surface reactivity, and the metal precursor.115 
In this section we use the 5 nm palladium particles as islands to promote carbon growth.
7.4.1 Experimental
Palladium decorated fullerite (1:19) were grown using the FLLIP method, as described in 
Chapter 5. The fullerites were not filtered but left in a solvent suspension and drop cast 
upon a 100 nm thick silicon oxide layer on a silicon substrate. Following evaporation o f the 
solvent, the silicon substrate was placed into a furnace and subject to thermal chemical 
vapour deposition (CVD) as detailed below for the growth of carbon nanotubes.
Growth was performed using a thermal chemical vapour deposition (CVD) process. A bell 
jar chamber was evacuated using a rotary pump to obtain a base pressure o f -5  mTorr. 
Acetylene gas (C2H2) diluted in hydrogen (H2) was chosen as the carbon source, with a 
concentration o f acetylene o f 5 %. The gas was delivered to the chamber using a 
showerhead arrangement located 3 inches above the substrate holder with the gas flow 
digitally controlled using mass-flow controllers (MFCs). Hydrogen was used for the 
dilution o f the acetylene, and to minimise oxidation o f the catalyst by reduction. The 
substrate table was heated thermally using an electrical heating element, and was capable o f
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reaching a temperature o f 700 °C. With each Pd-fullerite CNT growth process, a standard 
control sample consisting o f silicon coated with nickel nano-clusters o f diameter 12 nm was 
used in parallel. CNT growth from this type o f substrate and catalyst is well characterised 
and therefore acts as a reproducible reference.116
In a typical experiment the substrates were loaded onto the substrate table, and the system 
was evacuated until it reached the desired base pressure. Hydrogen gas was then fed into 
the chamber at a flow o f 100 seem, and the pressure o f the system was raised to 4 Torr by 
throttle controlling the vacuum pump. The substrate was then thermally heated to the 
desired growth temperature at a ramp rate o f -2  °Cs"1. When the growth temperature was 
reached, acetylene gas was introduced at a flow o f 5sccm for duration o f 10 minutes. This 
defines the CNT growth process time. Following this, the acetylene flow was stopped and 
the substrate heater was switched off. The samples were then left to cool to room 
temperature in the hydrogen environment before evacuating the ambient hydrogen gas and 
venting to air, and the subsequent removal o f the substrate.
7.4.2 Pd-fullerites as CVD catalyst
In order to investigate the effect o f the growth temperature, a series o f six growth runs were 
performed ranging from 400 °C to 650 °C, in steps o f 50 °C, with all the remaining growth 
parameters kept constant. Growth using silicon and silicon oxide substrates was compared 
as shown in figure 7.6. It was found that the palladium catalyst placed on the silicon 
substrates had a lower yield due to weaker adhesion and as a consequence many fullerites 
are lost during the venting process which subjects the samples to a large pressure change. It 
was observed figure 7.7 d), 7.8 d), and 7.10 d) that using nickel, Pd-fullerite or Ir-fullerite 
catalysts produced no tubular growth below 450 °C. The nickel-cluster control sample 
showed the growth o f an amorphous, thin-film-like substance surrounding the nickel 
clusters, but no formation o f nanotube-like cylindrical structures. At 450 °C, carbon growth 
is observed for all catalysts. It is noted that the fullerite walls are no longer smooth as when 
prepared but are deformed as shown in figure 7.8. As the temperature is increased further, 
SEM analysis clearly shows the carbon growth protruding from the rods increasing greatly 
to length up to ~1 pm (at 550 °C), figure 7.8 (a). However, the average diameter o f the 
tubes does not increase with temperature and remains -20-30 nm. Reports from typical Ni- 
catalyst CVD growth studies show that increasing the temperature leads to larger catalyst 
islands (due to aggregation) and thus larger diameters.117 As a consequence the growth is 
slower and shorter fibres are produced. Pd-fullerites do not show the same correlation. As
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Figure 7.6: S EM im ages o f CVD growth of Pd-fullerites at 550 °C x50 000 on substrate o f  a)
silicon, and, b) silicon oxide
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Figure 7.7: SEM  images o f CVD growth of nickel control a) 550 °C b) 500 °C  c) 450 °C d) 400
°C
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Table 7.2 Shows variations in conditions used for CNT growth.
Substrate Temperature °C
Palladium fullerite Silicon oxide, Silicon 550
Iridium fullerite Silicon oxide, Silicon 550
Palladium fullerite Silicon 400, 450, 500, 550, 600
Iridium fullerite Silicon 400, 450, 500, 550, 600
10/3.7006 HV Spot M«g v> l W D 
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Figure 7.8: SEM  images o f CVD growth using palladium  fullerites at; a) 550 °C, b) 500 °C, c)
450 °C, and, d )4 0 0 ° C
reported in C hapter 5, under increasing tem pera tu re  the (C 6o-ri2)Pd(PPh 3 )2  degrades to  form  
sm all nano-clusters. Further heating does not affect the diam eter o f  the Pd-clusters, possibly 
due to the Pd-fu llerites containing a lim ited quantity  o f  palladium  w hich  only  a llow s the 
palladium  islands to grow  to  a specific optim um  size.
M icro-R am an w as used to  investigate the nature o f  carbon fibres on P d-fu llerites. The Pd- 
fullerite fibrous sam ples a re  o f  high density , thus m easurem ents are  o f  m any fu llerites and 
carbon fibres, figure 7.8. In a typical m ultiw all carbon  nanotube (M W C N T ) a D band (to
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detec t defects) can be found -1 3 5 5  cm ’1 and a G  band (tangen tia l m ode) a t -1581  c m '1 can  be 
observed .118 For single-w all carbon nanotubes (SW C N T ) below 500 c m '1 a  radial breathing 
mode (R B M ) is found, the position  is dependent upon the d iam eter o f  the C N T ,119 betw een 
1330-1390 c m '1 the D  band w ould appear, w hilst G  band w ould ap p ear 1595-1605 c m '1. The 
D band is associated  w ith defec ts within the benzene ring-like structure have sym m etry 
low ering effec ts, while the G  band is due to the stretching m ode o f  the double bonded C=C. 
Both stretching m ode o f  the peaks originate from  breathing m odes in 6 -fo ld  arom atic rings.
In each  fullerite C V D  grow th spectra a signal orig inating  from  th e  underlying silicon  
substrate is observed. It c an  be observed to dom inate the spectrum  and is found at 521 c m '1. 
Peaks are  clearly visible, in the region o f  the D and G bands in the C V D  treated samples 
w hich are  labelled in figure 7.9. A lthough the  C V D  m ethod used  w as selected  for its high 
yield o f  C N T  w hen  used w ith nickel, further investigation is s till required  to  determ ine the 
ex ac t type o f  carbon grow th obtained w ith Pd-fullerites. C arbon tubes could be interpreted as 
m ultiw all C N T , double w all C N T , single wall C N T  and carbon nano-fibres. In addition, C 6o 
from  fullerites as w ell as am orphous carbon  im purities are expected w ithin the C V D  sam ples 
from  breakdow n o f  acetylene gas.
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Figure 7.9: Raman spectrum  of Cgo and Pd-fullerites following CVD growth of carbon fi bres
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Table 7.3 Summary o f Raman peak shift data observed.
P eak  type M W C N T
/cm '1
SW C N T
/c m '1
F u lle rite  CV D  g row th , 450
°C
F u lle rite  C V D  grow th , 
550 °C
cm '1 P eak  ra tio cm '1 P eak  ra tio
R B M Below
500
Silicon
su b s tra te
521 521
978 0.19 958 0.14
D B and -1 3 5 5 1330-
1390
1350 1.00 1355 0.82
G B a n d -1581 1595-
1605
1588 0.88 1587 1.00
G ’ B and 
(2nd o rd e r)
2698 0.31
7.4.3 Ir-fullerites as CVD catalyst
Iridium  fullerites grown with carbonylchlorobis(triphenylphosphine)iridium (I) w ere also 
studied under identical CVD conditions, as Pd-fullerite carbon fibre growth. It was 
generally found that no fibre growth was observed at any o f  the tem peratures used, figure 
7.10. Close inspection o f  the images show variations as a function o f  tem perature. It can be 
seen that the Ir-fullerites appear less ‘solid’ following the CVD growth process. This may 
be due to removal o f  C6o from the structures or a thin deposit o f  am orphous carbon 
scattering electrons. Generally as a catalyst, it is known that iridium will show slow er 
reaction tim es and thus any growth is expected to be less successful.113 In addition, due to 
the reversible nature o f  carbonylchlorobis(triphenylphosphine)iridium (I) bonding, it cannot 
be presum ed that a 100 % efficient loading occurs during the m aking o f  Ir-fullerites. As 
previously shown, for the iridium to be an active catalyst for hydrogenation the quantity 
present is deemed to be too small. This agrees w ith TEM and 3IP N M R analysis show ed 
that the iridium is in too small quantities to be properly observed.
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Figure 7.10 SEM images of CVD growth using iridium fullerites at temperatures of a) 550 °C,
b) 500 °C, c) 450 °C, and, d) 400 °C
7.5 Summary
Controlled synthesis o f palladium-functionalised fullerite nano-structures is demonstrated. 
These structures are also shown to act as a hydrogenation catalyst using significantly 
reduced quantities o f Pd precursor materials. Tetrakis(triphenylphosphine) palladium was 
used as a precursor to enable the deposition o f palladium clusters upon the fullerite during 
growth using a low-cost and rapid liquid-liquid interface precipitation process yielding high 
quantities o f potential catalyst material in seconds. 120
The demonstration o f  a heterogeneous system with catalytic activity corresponding to 11 % 
conversion o f  alkyne to alkene after 72 hours using a catalyst readily prepared by this 
method in a matter o f minutes is reported. Previous work indicates that the reaction 
undertaken is aided by the P-Pd-C bonds in the (C6o-Ti2)Pd(PPh3)2 complex driven by the 
transfer o f electron density from the P to Pd followed by further transfer to the C=C bond in 
the reactant.121 Pd-fullerites have a reduced number o f P-Pd bonds within our catalyst due
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to the reduced amount o f TTPP precursor used. The presence o f small Pd particles on the 
fullerite surface indicates a further reduction on P-Pd bonds, this may also be a contributing 
factor o f reduced activity compared to Sulman work.
At 24 hours the Pd-fullerites showed a total conversion o f 8 % of 1-ethynyl-l-cyclohexanol 
to 1-ethyl-cyclohexanol, which seems insignificant compared to a commercially available 
Pd-on-carbon catalyst (Sigma Aldrich) with a (10 wt % palladium/carbon). However the 
products formed is different, Pd-fullerite being 100 % selective in the conversion o f 1- 
vinyl-l-cyclohexanol. This is proven from the NMR spectra o f which the quantities can be 
calculated by peak intensities.
Over the course o f the hydrogenation reaction, evidenced by the emergence o f alkene peaks 
in NMR analysis, result in an alkyneialkene ratio o f ~  9:1 after 11 hours. This corresponds 
to a conversion o f approximately 10 % over the course o f the experiment based on the 
relative change in NMR signal strength.
The use o f Pd-fullerite materials as a catalyst for CVD growth of CNTs is still in its 
infancy, though initial studies have indicated that it is possible to form tubular growth- 
fullerite hybrid materials. However, there is clearly significant scope for further research, 
not only to optimise growth conditions but to determine the nature o f the carbon materials 
using this route.
Iridium fullerites showed no growth, due to the nature o f iridium complex which reversibly 
binds to C6o. It can hypothesised that a low yield o f the attachment would be found 
compared to palladium.
Higher temperatures are advantageous to produce longer growth, however the diameter is 
not controllable using this growth method.
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8 Conclusions and Further Research
Buckminsterfullerene is a well studied molecule that has become established for use in 
‘organic’ electronic devices. However, in its crystallised form despite predictions o f further 
enhancement o f electronic properties, it has yet to be utilised in devices. One o f the main 
reasons for this has been the inability to control the growth o f single crystal C6o in a 
reproducible manner in dimensions typically required for the incorporation to devices (sub- 
lOOnm).
In this thesis, a fast liquid-liquid interfacial precipitation method is identified as a possible 
technique for achieving such crystal growth, using 2 miscible phases in which C6o is only 
soluble in one phase. When the C6o phase is mixed with the second solvent, the resulting 
change in solubility causes the C6o to precipitate into single crystal fullerites.
Initial investigation of fullerites using spectroscopic techniques including FTIR, Raman, 
UV-vis absorption and PL spectroscopy, showed that the fullerites behave as a molecule 
solid. No evidence was observed to suggest that any polymerisation had occurred prior to or 
during characterisation. SEM investigations showed that the fullerites are straight rods, with 
faceted morphology and hexagonal cross sections. The detailed structure was subsequently 
shown to be discrete single ciystals with FCC lattice upon TEM analysis.95 To enable 
control o f the fullerite dimensions, a series o f experiments were undertaken in which 
experimental parameters were carefully varied. For example it was found that decreasing 
the volume of toluene (the C6o solute) caused a reduction in the size and quality o f rods 
formed. However, this was reinforced by decreasing the volume of IP A  added as a co­
solvent, in which an increase in length is found, however this was only found to be true at 
ratios below 1:6 (toluene C6odPA).
Changing the solvent and/or co-solvent changes the entire dynamics o f the system and 
subtle changes are found to significantly influence the nature o f the resulting fullerites. 
Generally, changing the alcoholic phase solvent (to increasing the carbon chain length) 
leads to the formation o f larger crystals (in both length and diameter). When the aromatic 
phase solvent is changed however, the results vary greatly. This is most likely due to the 
large difference in solubility and polarizibility that occurs. In this case the number o f
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changing variables is difficult to control and therefore the resulting fullerites differ 
significantly in a complex manner.
Theoretically, as the solubility o f C6o in toluene decreases with increased temperature it 
might be expected that fullerite size would increase with decreasing temperature. 
Temperature dependant fullerite growth was undertaken at 19, 0, and -78 °C. It was 
observed that the fullerite length and diameter increases when precipitated at -78 °C, 
compared to standard fullerites (19 °C). In contrast, 0 °C shows a reduction in fullerite size. 
As such the effect o f temperature is not fully understood and warrants further investigation.
As a part o f the series o f experiments that systematically varied the temperature, 
concentration and solvent conditions, we found conditions for the smallest repeatable 
fullerites to be grown (~80 x 500 nm). Study o f these fullerites again showed them to be 
single crystal, which exhibited the properties o f a molecular crystal. The small diameter o f 
these fullerites implies that their growth mechanism must differ from those previously used 
to describe FLLIP growth.
Following the preparation o f high quality fullerites, an investigation into various techniques 
for the addition o f palladium to fullerites was undertaken. The first method studied 
involved the formation o f a palladium-C6o complex which was then added to the FLLIP 
process during fullerite growth. This resulted in fullerites with a reduced size and had the 
extra advantage o f increasing uniformity o f growth. The fullerites were found to decrease in 
size with increasing quantity o f Pd-C6o complex present. Under further investigation, it was 
found that the resulting fullerites contained small nano-clusters o f Pd (~5 nm in diameter), 
observed via TEM and EDX analysis. It is not known if  the clusters occur due to the high 
electron beam which decomposes any complex or whether these palladium clusters would 
exist without TEM probing. Similar processes was attempted with an iridium complex. 
However, these fullerites did not exhibit any reduction in size as the Ir-complex was added 
in contrast to palladium fullerites. Iridium fullerites generally form larger crystals, we 
believe due to co-crystallisation o f complexes within its lattice. Also, unlike the Pd- 
fullerites, no clusters were detected under TEM and EDX analysis. Given that the Ir-C6o 
bond is reversible (i.e. much weaker than the Pd-C6o bond), then this suggests that the TEM 
is unlikely to have been the cause of the Pd clustering observed.
Electrodeposition as a method for the incorporation o f Pd was studied and though being 
successful in deposition o f Pd has the disadvantage o f being a 2-step process (growth then 
deposition). Control o f palladium deposition was also difficult as non-fullerite coated
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regions o f the electrode were more energetically favoured for Pd-deposition which led to an 
aggregation o f Pd clusters. As a material with catalytic activity, aggregation o f clusters 
would be a disadvantage as larger clusters reduced activity. Electrodeposition formed 
significantly larger clusters then other technique.
Co-crystallisation o f Pc^Cl^ with C6o was attempted by introduction o f Pc^Cl^ during 
fullerite FLLIP growth. This changed the morphology o f the rods resulting in square cross 
sections and extremely rough surfaces. The co-crystallised fullerites did not form 
immediately but if  not filtered at a critical time (~2 hours), a thick amorphous carbon layer 
formed indicating that the fullerites were not stable. Due to the low yield, the time 
consuming process o f producing Pd6Cli2 (not commercially available) and the instability o f 
the rods there was not enough co-crystallised fullerite for hydrogenation testing.
In order to explore fullerite side wall anchorage via a n-tz interaction, pyrene was exposed 
to fullerite during growth. It was thought if  anchorage occurred, then the palladium and 
other complexes could be bound to pyrene and thus attached to the fullerite side wall. On 
investigation, it was found that inclusion of pyrene had a direct effect on fullerite length 
resulting in shorter crystals. Further spectroscopic studies showed that the pyrene was 
present with the fullerites. Pyrene coated fullerites showed good dispersion and could 
improve thin film deposition onto glass slides by LbL techniques.
Simple reactions were carried using the Pd-fullerite materials as catalysts for the 
hydrogenation o f 1-ethynyl-l-cyclohexanol. Hydrogenation would only occur if  palladium 
was present to act as a catalyst. This confirmed its incorporation into the fullerites. The 
products obtained were 1-vinyl-l-cyclohexanol and 1-ethyl-cyclohexanol clearly 
demonstrating hydrogenation. In summary, all hydrogenation experiments were run under 
identical conditions for 24 hours and analysed for the final % conversion. Using *H NMR 
techniques Pd-fullerites proved to act as a catalyst although only 8 % conversion efficiency 
was obtained, 100 % product selectivity was found for 1-vinyl-l-cyclohexanol. This can be 
compared to Pd-on-carbon 10 wt. % (sigma Aldrich) which was found to have 100 % 
conversion as well as 100 % selectivity o f the 1-ethyl-cyclohexanol product. Catalysts 
produced using Pd electrodeposition onto fullerites showed a higher conversion than Pd- 
fullerite, with a total conversion of ~61 % but containing both products with 1-ethyl- 
cyclohexanol being the dominate compound. Ir-fullerites showed a total conversion o f ~0.7 
% with both products present. This is extremely significant as spectroscopic methods had 
failed to detect iridium and conversion would only occur if  metal is present. Additionally,
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iridium does not have the selectivity o f palladium fullerites thus showing that the iridium 
placement must differ to that o f palladium.
Finally, attempts to Pd- and Ir-fullerite materials as catalysts for CVD growth o f carbon 
nanotubes were undertaken. This work is still in its infancy and further research is required 
to not only optimise growth but determine the type o f carbon tubes present within the 
sample. The effect o f temperature and catalyst on the growth o f CNT on our fullerite 
material was tested to elucidate a growth regime.
8.1 Further Research
The work contained within this thesis shows positive results and opens the way to further 
research in the use o f fullerites for device applications.
This thesis focuses on palladium modified fullerites for catalytic applications; alternatively 
other metals can also be fimctionalised using a similar process. Many other metals make 
excellent catalysts. Iridium complex (Ir(Cl)(CO)(PPh3)2) was briefly shown in results 
forming “Ir-fullerites”. A further more detailed study would be beneficial, in the 
understanding o f the iridium-C6o stacking within the fullerites.
Preparation o f 500 nm fullerite rods with palladium attachment has been unsuccessful. 
Upon addition o f palladium complex Pd(PPh3)4 under ice conditions, fullerites showed high 
variations in lengths ranging from 1200-800 nm and diameter ranges from 800-500 nm. 
Although still significantly shorter than standard reference fullerites, it would be beneficial 
to optimise the growth process further.
It is hoped that this study will stimulate further investigation into exposure to other 
fimctionalised C6o derivatives (e.g. alkylation o f C6o) during growth; this may affect the 
basic properties forming novel materials. Pyrene sidewall attachment via n-n stacking was 
briefly investigated; the next phase of research would include palladium bonding to pyrene.
Hydrogenation reaction o f 1-ethynyl-l-cyclohexanol to 1-vinyl-l-cyclohexanol with 
various fabricated Pd-carbon materials as catalyst; this had varying degrees o f success in 
conversion and selectivity. Pd-fullerites showed low total conversion but 100 % selectivity 
towards 1-vinyl-l-cyclohexanol, whilst Pd-on-carbon had 100 % selectivity toward 1-ethyl- 
cyclohexanol with 100 % total conversion. Ir-fullerite and Pd-electrode produced both 
products with Ir-fullerite giving the lowest total conversion o f all catalysts tested.
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CVD tubular growth can be optimised further by changing CVD growth conditions e.g. 
pressure, concentration, using plasma-enhanced CVD growth; also by changing Pd- 
fullerites e.g. different fullerite lengths, different Pd ratios within the fullerites. The carbon 
tubular growth will require further analysis to determine the types o f tubes present. 
Ultimately, CVD growth with the absence o f acetylene gas would be o f great advantage. 
With the ability to control fullerite length in high yield, it is hoped that the fullerites will be 
incorporated into sensors or have applications in thin film devices such as organic light 
emitting diodes or photovoltaics. Previous publications has suggested that fullerites are n- 
type semi-conductors with electron mobility o f ~  0.1 cm2V‘1s‘1, it is hoped that doping 
could improve these values even further and a new material system introduce to this gamut 
of high performance molecular semiconductors as a result o f this thesis.122
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Table 8.1 List of Materials suppliers
Material Supplier CAS Molecular
formula
Propan-2-ol, IPA HPLC grade, 67- C3H80
Aldrich 63-0
Toluene HPLC grade, 108- C7H8
Aldrich 88-3
Pristine C6o, 99.5 % Material & 99685
Electrochemic -96-8 
al
Research
Corporation
Potassium tetrachloropalladate(II)
Tetrakis(triphenylphosphine)palladium(0) 
(99 %)
Sigma-
Aldrich
Sigma-
Aldrich
10025
-98-6
14221
-01-3
K2PdCl4
Pd(PPh3) 4
Chlorocarbonylbis(triphenylphosphine)iridiu
m(I)
1-Pyrenemethanol, 98 %
Sigma-
Aldrich
Sigma-
Aldrich
14871 Ir(Cl)(CO)(PPh3 
-41-1 ) 2
24463
-15-8
Ci7Hi20
1-Pyrenemethylamine, 95 % Sigma- 93324 C17H13N • HC1
Aldrich -65-3
Atomi
c
Weight
60.096
92.138
4
720.64
326.43
1155.5
6
780.25
232.28
267.75
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1. Introduction
C^fullerene molecules, also known as Buckyballs'. show significant potential due to their high symmetry, 
novel conjugated TT-system, and unique chemical and physical properties for applications ranging from 
electronic to medical devices operating on the nanoscale. However, using single molecules in devices is 
complex and expensive and so in general each device will contain a large number of them either in the form 
of crystals or a non-crystalline thin film. In these cases some of the properties of the individual molecules 
can be degraded or lost. We have developed a quick method of producing single crystals formed from 
that retains and enhances the properties of the molecules. ____________
2. Results: Crystal Growth 
Figure 1 shows scanning electron 
microscope (SEM) images of crystals 
formed using a liquid-liquid interface 
precipitation method1. The average 
diameter of the crystals is ~500nm and 
they can be over 10pm long. At the 
ends of the crystals a unique faceted 
structure is observed.
Figure 1. Typical SEM  im a g e s  o f C50 rod-like 
cry sta ls  form ed  u sin g  a  rapid liquid-liquid  
interfacial precipitation m ethod
3. Results: Crystal Structure
Transmission electron microscopy (TEM) was used to obtain 
detailed information on the crystal structure of the Ceo-rods. 
They were found to be single crystals thus the rods were 
predicted to retain some of the properties of the C60 molecules.
Figure 2 TEM im a g e s  (a-d) and  resu ltin g m odel crysta l stru ctu res  (e-f) 
confirm ing that the C so rods h a v e  a  s in g le  crystal nature.
4. Results: Physical Properties 
Figure 3 shows the absorption 
and emission of the C50-rods 
and related samples. It can be 
seen that the rods maintain and 
enhance the optical properties 
exhibited by the molecules in 
relative isolation (solution). In 
the emission a slight blue shift is 
observed that may be related to 
the crystalline nature of the C^- 
rods. In addition FTIR. Raman 
and XPS measurements were 
undertaken that also confirmed 
that the electronic nature and 
chemical composition was not 
changed from the parent C60 
molecules.
W avelength (nm l
€90 TOO 300 900 1000 1100
W avelength inm l
Figure 3 . O ptical sp ec tra  o f  th e  
C60-rods a n d  related sa m p le s .
5. Conclusions and Further Work 
We have demonstrated the capability to 
fabricate single crystal C^-rods that 
retain and enhance the properties of the 
parent molecule using a rapid process. 
We are now working to demonstrate 
enhanced optical and electronic devices 
that incorporate these structures. We are 
also continuing to develop the crystal 
growth method to enable alternative 
structures to be obtained (figure 4) and 
reduce the size of the resulting crystals.
Figure 4. A lternative crysta l s tru ctu res  form ed  
including n e e d le s , c r o s s e s  and tu b e s ______________
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1. Introduction
Our initial studies demonstrated defect free LLIP grown rods with a hexagonal cross-section and novel faceted 
tips (figure 1a). We report on ongoing detailed study aimed at controlling the growth of fullerites through careful 
control of the experimental parameters. As a result we have improved understanding of growth m echanism s and 
report the controlled growth of fullerite rods with true nanoscale dimensions. Diameters a s small as 50 nm have 
been achieved thus representing an order of magnitude decrease in scale of the structures obtained using this 
method. In addition tetrakis(triphenylphosphine)palladium was used as a precursor to enable the deposition of 
~1.4 - 5.6 nm diameter palladium clusters upon the fullerites.__________________________________________________
2. R esu lts: Fullerite Growth
Transmission electron microscopy 
(TEM) w as used to obtain detailed 
information on the crystal structure 
of the C60-rods. They were found 
to be single crystals thus the rods 
were predicted to retain som e of 
the properties of the C50 
m olecules.1
F ig u r e  1 . TEM im a g e s  (a -d )  
resu ltin g  m odel crysta l stru c tu res . ’
and
4. R esu lts: P hysica l P roperties  
P h ,P
P h 3P ^ P P h ,  
> d  
P h ,P  " P P h .
cfeo
P P h .
S  E
(A 5.
s e
• D iam eter
* Length
. *
' i T n n l  ........................ I____ i i i i » m
itr 1<T 10
M oles of palladium per C
10°
+ 2PPh,
The above schem e shows 
a none reversible reaction 
to form an adduct. 
Varying the ratio of 
palladium precursor to 
C60 provides control of the 
aspect ratio of the 
fullerites. Evidence for the 
presence of both (rf- 
C*°)Pd(PPh3)- and highly 
dispersed palladium 
clusters with diameters -  
1.4 - 5.6 nm on the 
fullerite is found.
Figure 4  Controlling fullerite 
s iz e  via variation of  
p recu rsor:C 60 ratio.3
3. R esu lts: True n a n o sca le  
d im en sion  Fullerites 
Controlling the growth conditions at 0 °C 
produces the smallest repeatable single 
crystals with diameters of 80 nm, 
representing close to an order of magnitude 
decrease in scale compared to other 
structures obtained using this method. The 
growth of these  structures raises questions 
regarding the currently assum ed method of 
growth based on C6c. colloid formation.2
F igure 2. SEM
im a g e s  o f 5 0 0  nm  
Fullerites.2
5. A pplications
Due to the high porosity of fullerite, 
combined with the even distribution and 
controlled size of palladium clusters 
observed, these  fullerites show good 
potential for the further development of 
efficient catalysts (e.g. schem e below).3
palladium fullerites 
have been used to 
promote hydrogen 
interaction with 
possible hydrogen 
storage.
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